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As a major producer of blood fractions, Dow now brings you a new source for Rh,(D) immune 
globulin to protect the Rh negative mother's next baby from probability of hemolytic disease. 


Studies to demonstrate its safety and effectiveness show 
that Gamulin Rh is effective in suppressing the produc- 
tion of Rh,(D) antibodies. 
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(Human), is a sterile concentrated solution of gamma globu- 
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percent globulins with a level of antibody to Rh,(D) equal 
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Globulin (Human). The final product contains 0.2 to 0.3 
molar glycine as a stabilizer and 1:10,000 thimerosal as a 
preservative. 


INDICATIONS: GAMULIN Rh suppresses the immune 
response of nonsensitized Rh,(D) negative mothers follow- 
ing Rh incompatible pregnancies. The criteria for an Rh 
incompatible pregnancy are: That the mother shall be 
Rho(D) negative, D" negative; and the infant shall be 
Rh,(D) positive or D" positive. 
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an Rho(D) positive blood transfusion, or to an Rh,(D) 
negative mother previously sensitized by an Rh incom- 
patible pregnancy. Do not give intravenously. 
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tain diagnostic and laboratory criteria be met before admin- 
istering this product. (See package literature.) An occa- 
sional patient has shown a systemic reaction manifested 
by a low grade fever. Allergic reactions, although not ex- 
pected, could occur. 


ADMINISTRATION: Consult package insert for detailed 
instructions. 
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TRI-MATIC, as the name implies, provides the tissue 
laboratory with a MULTI-PURPOSE instrument de- 
signed for continual use. With the flick of the selector 
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DEVELOPMENTAL PSYCHOBIOLOGY 


An International Journal 


Editor-in-Chief: Gilbert W. Meier, 
University of Nebraska College of Medicine 
Associate Editors: Robert J, Ellingson, Nebraska Psychiatry Institute; 
Williamina A. Himwich, Galesburg State Research Hospital; 
Austin H. Riesen, University of California, Riverside 


What are the pathological consequences of undernutrition 
in the young rat? 


How can inhibition of taurine levels affect organ development 
in vertebrates? 


What are the effects of chronic prenatal irradiation in mice? 


These are just a few of the issues explored and reported in past issues of this up-to- 
the-minute journal for every worker concerned with the relation of physiological, en- 
vironmental, and genetic factors to an organism’s development and function. Founded 
in 1968 to insure prompt publication of research investigations, DEVELOPMENTAL 
PSYCHOBIOLOGY continues to provide a forum for the rapid dissemination of human 
and animal studies of pre- and post-natal, and early adolescent organisms experimen- 
tally treated and assessed for neurological, endocrinological, enzymatic, and behav- 
ioral consequences. 


Recent issues have included— 


DEVELOPMENT OF A FATTED MALE PHENOM- 
ENON IN CALIFORNIA SEA LIONS-—Ronald J. 
Schusterman and Roger L. Gentry 

ONTOGENY OF VISION IN THE PEKING DUCK 
(Anas platyrhynchos): THE PUPILLARY LIGHT 
REFLEX AS A MEANS FOR INVESTIGATING 


VISUAL ONSET AND DEVELOPMENT ON 
AVIAN EMBRYOS-Marieta B. Heaton 


PROBLEMS IN RECORDING VISUAL EVOKED 
RESPONSES IN HUMAN INFANTS-R. J. Elling- 
son 


Due to appear in future issues— 


BEHAVIORAL EFFECTS OF NEONATAL IRRA- 
DIATION OF THE CEREBELLUM. lll. QUALITA- 
TIVE OBSERVATIONS IN AGED RATS-— Robert 
B. Wallace, Craig E. Daniels, and Joseph Altman 
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Reconstitute with water to prepare "working solution”. 

Order. Stock No. 940-3 25 ml lyophilized vial $ 7.75 

40 mi lyophilized vial 10.50 
Larger quantities - Inquire - We guarantee the best prices. 
CIF Destination Anywhere in the World via Air 

For those laboratories that prefer to prepare their own blend, we offer the finest NAD 
and Diaphorase individually and at most competitive prices. 





Also available from SIGMA — manufactured by SIGMA 


MDH/NADH 


(DPNH /MDH; NADH/MDH) 
Technicon Reference No. 0444 
For the Ultraviolet determination of SGOT per AA-II® and SMA® Procedures. 
Reconstitute with water to prepare “working solution”. 


Order: Stock No. 936-3 50 mi lyophilized vial 12 vials $37.50 
Larger quantities - inquire 
CIF Destination Anywhere in the World via Air 


If you prepare your own blend, call Sigma for the highest purity NADH (DPNH) and 
MDH (Malic Dehydrogenase). 
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SIGMA is the World's Foremost manufacturer of most of the important Enzymes and 
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DPN, DPNH, and MDH are produced by SIGMA. 


Our Quality is guaranteed to be TOPS; our Prices are guaranteed to be BOTTOM! 
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The Human Adrenal Cortex 


NEW! Written by twenty-three leading authorities who have made out- 
standing contributions in their field, this new book examines the biochemistry, 
physiology, pathologic physiology, and clinical aspects of adrenocortical function and 
disease. It's extensive with new approaches in chapters concerning mode of action of 
adrenocortical steroids, control of secretion, iatrogenic Cushing's, naturally-occurring 
Cushing's syndrome (including excerpts from a Russian paper previously unpublished 
in English), aldosterone, and others. There is a unique discussion of fetal adrenal cortex 
as well as an exhaustive treatment of all forms of hyper- and hypofunction of the 
adrenal cortex. Special treatment of the physical state of adrenal hormones in the blood 
and an unusually comprehensive view of the metabolism of steroids are also included. 
Pathogenesis, clinical features, and the management of adrenal disease are all 
covered authoritatively. 


By 23 Authors. Edited by Nicholas P. Christy, M.D., Chairman, Department of Medicine, 
Roosevelt Hospital; Clinical Professor of Medicine, College of Physicians and Surgeons 
Columbia University; Visiting Physician, Francis Delafield Hospital; Associate Attending 
Physician, Vanderbilt Clinic—all in New York City. 


552 Pages. 72 lllustrations. $25.00 
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an integrated, complete system 
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Some of the subjects of this December, 1969 
meeting of ARNMD were inconceivable a 
decade ago, but the areas involved are cer- 
tain to be prominent areas of investigation 
during the coming decade. The two basic 
themes of autoimmunity and persistent viral 
infection seem to predominate the discus- 
sions, and ARNMD attacks these themes 
with the vigor and acumen that have always 
characterized this prestigious organization. 


Association for Research in Nervous 
and Mental Disease- Edited by Lewis P. 
Rowland, M.D., Department of Neurol- 
ogy. Hospital of the University of Penn- 
sylvania, Philadelphia, Pa. 


1971/$25.00 
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A book for every physician 
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Opportunities 


INTERNSHIPS/RESIDENCIES 


BERKSHIRE MEDICAL CENTER—PATHOLOGY 
residency; a 425 bed acute care teaching 
hospital afflilated with Albany Medical College; 
fully approved for American Boards in pa- 
thologic anatomy and clinical pathology; year 
round vacation area, skiing, sailing, tennis, 
etc; close to Tanglewood (Boston Symphony 
Orchestra) and other music festivals; 2'% 
hours to Boston, 3 hours to New York, 41% 
hours to Montreal; salary, internship $9000; 
residency $9600-$13,000; rooms are available 
for single house staff to rent at $40 per 
month; hospital-owned apartments for mar- 
ried house officers are available for rental; 
opportunities for additional income; large well 
equipped highly automated air-conditioned 
laboratories with computer being installed; 
approved School of Cytotechnology with 2 
students; approved School of Medical Tech- 
nology with 16 students; five Board certified 
pathologists and a Ph.D. chemist; each prin- 
cipal section of the laboratory, i.e., anatomic 
pathology, microbiology, clinical chemistry, 
hematology and blood bank is in the charge 
of a pathologist with special interest, experi- 
ence and qualifications in these fields who 
devotes 9595 of his time to the work of his 
section; ECFMG certificate required. Apply Dr. 
W. Beautyman, Pathologist, Berkshire Medical 
Center, 725 North Street, Pittsfield, Mass. 
01201. 


PATHOLOGIST. CERTIFIED AP AND CP, Ph.D 
IN BIOCHEMISTRY, 6 years experience. Desires 
academic position. Reply: Box 58 c/o AJP. 


CLASSIFIED 
ADVERTISING 
INFORMATION 


RATES: 

6 Times 
Non Display: 1 Time 3 Times or more 
20 words or less $19.00 $16.00 $14.00 
Each additional word .50 .50 .50 
Box Service—$2.00— First insertion only 


6 Times 
Classified Display: 1 Time 3 Times ot more 
$35.00 $30.00 $25.00 
per inch per inch per inch 
Minimum Space—One (1) column inch 


SEND ALL COPY, 
AND BOX NUMBER INQUIRIES TO: 


THE AMERICAN JOURNAL 
OF PATHOLOGY 


Classified Dept. 
131 Mineola Blvd. 
Mineola, N. Y. 11501 
(516) Pi 6-0092 





INTERVIEW 
by Ian Stevenson, M.D. 


Formerly titled MEDICAL HISTORY-TAK- 
ING, this new edition describes in a systematic 
manner what is known about the do’s and don'ts 
of medical history-taking. Part I discusses the 
important factors affecting the doctor-patient re- 
lationship and how this relationship influences 
the outcome of medical interviews. It also con- 
siders other general principles of importance 
for the interview. Part II describes what infor- 
mation is to be obtained during the interview. In 
Part III, the author considers the techniques to 
be employed. Numerous examples of actual in- 
terviews are given including examples of com- 
mon errors that should be avoided. Throughout 
the book, the author emphasizes the importance 
of observing the patient's non-verbal communi- 
cations as well as his verbal statements. 

In the new second edition, more emphasis 
has been given to the influence of the interview- 
er-patient relationship in shaping the informa- 
tion given by the patient. Greater emphasis is 
also given to the current situation of the patient 
as an influence on how he sees and describes his 
earlier life. 

The references have been completely updated. 
This book is written for the practitioners of all 
branches of medicine, at all levels, who wish to 
improve their skills in interviewing while avoid- 
ing specialized psychiatric jargon. 


By IAN STEVENSON, M.D., Alumni Professor oj 
Psychiatry, Department of Psychiatry, University oj 
Virginia School of Medicine, Charlottesville. 320 pp., 
12 illus, $6.00. 


mey OPERUM R N biben iiem dda diaii iub A HAMA. ad A: ahia vindi in HMM ummED umma Vane 


HARPER & ROW, Publishers 
Medical Department 

Mail Order Department 

2350 Virginia Avenue, Hagerstown, Md. 21740 


Please send me on approval. 


[] Stevenson: 


THE DIAGNOSTIC INTERVIEW ...$6.00 


| 

| 

| 

| 

| 

| 

| 

| 
[j Bill me [] Check enclosed (SAFE! | 
We pay postage and handling) | 
| 

| 

| 

| 

| 

| 

l 

1 


Name- saduman diio ue So se dal Mere rab cath 
Address che Oc Peles ae A IDEM RIA UN oe 
Cily eis eee, DialB cs Zip... 


AJP-4. 


UIE OAE A COREE SERINE, unipübb dH A Mb AMAN SEER GOT icin SHEN ERIE SARS ED I wets AME eT 


Announcing for 1972! 


infectious diseases 


With over 80 contributors, edited by Dr. Paul 
D. Hoeprich, this major reference work con- 
siders diseases caused by viruses, chlamydia, 
rickettsia, mycoplasmas, bacteria, spirochetes, 
protozoa, helminths and some ectoparasites. 
Each disease is discussed as a discrete clinical 
entity and is presented from the point of view 
of the organ-system involved thus affording to 
its reader a clinical and practical approach to 
diagnosis and treatment. Epidemiology and 
pathogenesis are emphasized throughout as 
they are keys to understanding the interactions 
of host and parasite. With some 300 illustrations 
to complement the text, this book offers a com- 
pleteness previously unavailable in one volume! 


Advance orders now accepted! 


HARPER & ROW, Publishers, Inc. 

Medical Department Mail Order Dept. 
2390 Virginia Avenue 

Hagerstown, Maryland 21740 


[| Please send me on approval, when it is pub- 
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Widely accepted as T'HE classic 

reference. . . newly modified to 

, i reflect changing 
concepts and 

clinical practice! 


New 6th Edition! 


PATHOLOGY 


Edited by W. A. D. Anderson, 
M.D., M.A., F.A.C.P., F.C.A.P. 


Widely recognized as the foremost authority on 
both general and specialized pathology, this newly 
revised two-volume reference has been modified to 
include significant advances in knowledge and under- 
standing of disease processes. Updated atid expanded 
discussions by 45 eminent contributors correlate 
pathologic concepts with clinical practice. In. addi- 
tion, this unmatched compendium reflects the growing 
interrelationship of the medical sciences and biology, 
recording progress in the fields of ultrastructure, cy- 
tology, genetics, Immunopathology, and biochenustry 

Comp! letely rewritten chapters examine inflamma- 
tion and healing, drug and chemical injury, ophthal- 
mic pathology, upper respiratory tract and ear, lower 
urinary tract, prostate and male genitalia, hemopoie- 
tic system, thymus, pituitary gland, thyroid gland, 
parathyroid glands, adrenal glands , and nervous sys- 
tem and skeletal muscle. Major changes highlight the 
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Spontaneous Atherosclerosis in Pigeons 


A Model System for Studying Metabolic 
Parameters Associated with Atherogenesis 


Robert F. Santerre, PhD, Thomas N. Wight, MS, Samuel C. Smith, 
PhD and David Brannigan, MS 


The interpretation of metabolic studies related to early changes in spontaneous 
atherosclerosis has been hampered by the focal nature of the disease and by the lack 
of a well-defined model system of the disease process. Gross, histologic and ultra- 
structural observations of lesion development at the celiac bifurcation of the aorta 
in atherosclerosis-susceptible White Carneau and atherosclerosis-resistant Show 
Racer pigeons are compared and discussed in terms of hemodynamics, muscular 
aggregation and altered metabolism of smooth muscle cells. Detailed knowledge of 
the. morphologic sequence of events in lesion localization makes the celiac bifurca- 
tion in White Carneau and Show Racer pigeons a useful model for genetic com- 
parisons of arterial wall metabolism and for investigating metabolic alterations 
occurring with atherogenesis. (Am J Pathol 67:1-22, 1972) 


CORRELATION OF THE MANY FACTORS reportedly influencing 
atherosclerosis has proven difficult in experiments with intact animals. 
Diet, blood lipids, environmental stress, hemodynamics, alterations in 
arterial structure, and metabolism are but a few of the factors im- 
plicated in initiating atheromatous changes. Moreover, interpretation of 
reports associating metabolic alterations in the intact aorta with ather- 
osclerosis has been hampered by the focal nature of the disease and by 
an inability to follow these alterations through transition stages in lesion 
development.’ In an effort to control these variables, much research 
has been done with experimental atherosclerosis as a model svstem. 
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However, spontaneous atherosclerosis has been shown to differ from 
the experimentally induced disease in many respects ^, and there are no 
well-defined model systems for study of the spontaneous process. 

Clarkson, Lofland, Prichard and co-workers ** have described spon- 
taneous aortic atherosclerosis in White Carneau pigeons and pointed 
out its close resemblance to the human disease. Cooke and Smith ° 
subsequently described ultrastructural aspects of normal and diseased 
pigeon aortas. Differences in susceptibility between inbred strains of 
pigeons have been utilized to studv re lationships between various met- 
abolic patterns and atheroscler osis." 

This communication extends previous work by describing the se- 
quential development of atheromatous lesions in the celiac bifurcation 
of aortas from atherosclerosis-susceptible White Carneau and athero- 
sclerosis-resistant Show Racer pigeons. Lesion development is related to 
histology, topography, hemodynamics, and intimal thickening. Spon- 
taneous atherogenesis in the celiac bifurcation is presented as a model 
system for the DE of metabolic parameters in the arterial wall that 
may be associated with the disease. 


Materials and Methods 


Subjects 

Forty-three White Carneau (WC) and 30 Show Racer (SR) pigeons were ex- 
amined. The majority were between 1 and 6 years of age with a few embryos and 
post-hatch squabs included. Sexes were nearly equally represented, All birds were 
derived from inbred lines maintained by the Palmetto Pigeon Plant, Sumter, SC. 
Most of the birds older than 1 year were housed in fly-coops, and the l-year-old 
birds were reared in battery cages with approximately 2 sq ft of floor space per 
bird. The pigeons were fed either a mixture of yellow corn, wheat, peas, kafir and 
health grit or Purina pigeon pellets and similar health g grit, 


Light Microscopy 


All birds were sacrificed by exsanguination. The entire aorta from the arch 
UA to, but usually not including the trifurcation, was removed, washed in warm 
(37 C) buffered saline, pH 7.4, cleaned of excess connective tissue, and fixed at 
room temperature for 30-90 minutes in 3% phosphate- buffered glutaraldehyde, 
pH 7.4. After fixation, aortas were rinsed briefly in saline, immer gd in Tissue Tek 
O.C.T. Compound (Ames Company, Miles Laboratories, Ine, Elkhart, Ind) and 
quick-frozen at —18 C. A serial survey of each aorta was made by cutting two or 
three 8-1 cross sections every 700-800 u; the sections were st: aimed with hema- 
toxylin-eosin, hematoxylin-oi] red O (ORO), and sometimes Alcian blue-safranin 
O, 

A severity index was obtained for each aorta by comparing hematoxylin-ORO 
stained sections with a series of 6 grades ranging from 0 to 5 (see Fig 7-11). The 
grading system was based on the following r five criteria: 


l. Amount of lipid present. 
2. Extent of proliferation. 
3. Amount of luminal circumference affected, 
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4. Degree of luminal occlusion. 
5. Extent of necrosis, calcification and 
vascularization. 
Although the entire aorta was surveyed, the celiac bifurcation demonstrated the 
most severe lesions and most important breed differences at 6 years. For this reason 
the detailed study of lesion development in this segment was undertaken, 


Electron Microscopy 

Advanced plaques were fixed in 3% glutaraldehyde—0.1 M cacodylate buffer, 
pH 7.3, washed in cacodylate-buffered 6% sucrose, postfixed in 2% osmium- 
Veronal, pH 7.3, dehydrated in a graded series of alcohols and embedded in Epon. 
Adjacent thick (1 u) and thin sections were cut on a Porter-Blum MT-2 ultra- 
microtome. Thin sections were stained with saturated uranyl acetate solution and 
Reynolds lead citrate, and examined with a Philips EM200 electron microscope. 


Results 
Gross Observations 

In the aortas of squabs, prior to the appearance of lipid, ridge-like 
thickenings were seen arising from the lateral edges of the celiac orifice 
and extending diagonally in a proximal direction (Fig 1). At 4-6 
months, the earliest visible lipid accumulation appeared as a fine white 
stippling on the surface of these cushions. As lesion development con- 
tinued, the lipid became vellow and the surface of the area was raised 
and was either rough or smooth. At later stages, the main plaque, 
projecting well into the lumen, had a nodular, pearly appearance and 
was usually surrounded by a roughened, vellow skirt of involved tissue, 
sometimes fan-shaped and extensive in the proximal aspect (Fig 2). 
In advanced lesions, ulceration sometimes was evident, particularly in 
certrally depressed regions of the largest plaques. 

The topography of lesion development in the celiac bifurcation was 
quite specific ( Text-fig 1). In the young WC pigeon, lesions appeared 
earliest in the left lateral cushion lving below the ductus arteriosus. In 
older birds, lesion development in the right lateral cushion progressed 
more rapidly, and, by 6 years, involvement was greatest in this cushion. 
No consistent differences in lesion development between right and left 
cushions were seen in the SR. In both breeds, involvement of areas sur- 
rounding the cushions progressed mainlv upstream and laterally. 


Light Microscopy 

A prominent feature of the celiac bifurcation in embrvos and very 
voung birds was the presence of paired muscular intimal thickenings 
corresponding to the ridge-like thickenings observed grossly (Fig 3). 
The smooth muscle cells in these cushions were oriented longitudi- 
nally and the laminar organization of elastica present in the media is 
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interrupted here (Fig 4). The muscular nature of these cushions was 
emphasized because only in these smooth muscle cell aggregations did 
significant lipid accumulate leading to the production of advanced 
plaques. 

The earliest evidence of atherosclerotic change in 4- to 6-month-old 
birds was the appearance of fine lipid droplets in the endothelium 
and subendothelium of the cushion (Fig 5). Later, find lipid droplets 
became more prominent, appearing in the deeper regions of the cushion. 
Some proliferation of smooth muscle cells could also be seen at this 
time (Fig. 6). By 1 year, this proliferative response could be a dis- 
tinctive feature (Fig 7A), and lipid involvement was frequently more 
extensive with some larger lipid pools (probably extracellular) accumu- 
lating (Fig 7B). Fragmentation of elastic laminae was also evident 
(Fig 7A). 

With further development, luminal protrusion of the lesion was 
amplified, producing partial occlusion of the vessel. Lar ge amorphous 
pools of lipid were found in necrotic centers of these plaques (Fig 8A 
and B). In this and later stages, lesions expanded not only luminally, 
but laterally and medially as well, by muscular transition of Boss 
elastic areas. 

Beyond this stage, most lesions developed a fibrous cap of modified 
smooth muscle cells. In regions underlying the fibrous cap, fattv de- 
generation and formation of cholesterol clefts were frequently seen. 
Luminal occlusion was a striking feature at this stage (Fig 9A and B). 
In the most advanced stages, a variety of features were commonly en- 
countered: massive fibrosis (Fig 10A), sometimes nearly complete 
luminal occlusion, necrosis and further lipid accumulation, vasculari- 
zation (Fig 10B), ossification (Fig 10C) and ulceration. No thrombi 
and very few lymphocytes or macrophages were seen. Accumulation 
of acid mucopolysaccharide was also commonly seen in advanced 
plaques. 


Electron Microscopy 


Ultrastructurally, the fibrous cap of advanced lesions contained long, 
spindle-shaped, modified smooth muscle cells, foam cells and promi- 
nent collagen bundles. Upper regions of the cap contained modified 
smooth muscle cells having few myofilaments with fusiform dense bodies, 
a patchy basement membrane envelope, typical pinocytotic vesicles 
along the cell membrane, numerous mitochondria, much granular 
endoplasmic reticulum and many polysomes and free ribosomes (Fig 
11). Modified smooth muscle cells in deeper regions of the fibrous cap 
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contained a similar array of organelles, often including a prominent 
Golgi apparatus (Fig 12). However, these cells contained many more 
myofilaments with fusiform and marginal dense bodies, as well as a 
distinct basement membrane env elope. Many of the cells contained 
darkly stained inclusions. In both regions, the extracellular space con- 
tained little or no elastin, much collagen and a large amount of ve- 
siculated material perhaps representing cell debris and extracted lipid. 


Lesion Scores 


Based on the severity index, there was little difference in athero- 
sclerotic involvement between the two breeds up to 1 year of age. 
However, by 6 years, lesions in the celiac bifucation aver aged 2 grades 
higher in the WC than in the SR (Text-hg 2). Furthermore, 100€ 
incidence of some degree of histologic lipoidal involvement was found 
in both breeds of pigeons at 1 and 6 years. The developmental history 
and histopathology of atheroclerotic plaques of a given grade were 
similar for both breeds. 

While there were no significant differences in severity between sexes 
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in either breed, the sample size was too small to be conclusive. A 
trend toward higher grades in the WC female and the SR male was 
found at 6 years ( Text-fig 2). 


Discussion and Conclusions 

As McGill et al! pointed out, the lack of data on site-specific lesion 
development in humans has made it difficult to follow transition stages 
in atherosclerotic involvement. Our observations in the celiac bifurca- 
tion of the pigeon aorta show that fatty streaks can develop into 
fibrous plaques in a manner similar to that suggested for humans.!?'* 

Our findings are essentially similar to those in original reports on 
spontaneous atherosclerosis in pigeons by Clarkson, Lofland, Prichard, 
and co-workers.^? However, several important distinctions were noted. 
While they reported a difference in incidence of atherosclerosis be- 
tween the two breedst? our birds exhibited 100€ incidence of some 
degree of involvement in the celiac bifurcation at both 1 and 6 years. 
We found the major difference between breeds to be a much lower 
severity index in the SR than in the WC at 6 years. No difference were 
found in incidence, location, developmental history or histopathology of 
WC and SR lesions, as has been reported.*" These similarities suggest 
that the resistance of the SR may result from subtle metabolic factors. 

The pattern of lesion localization and development at the celiac 
bifurcation is quite predictable. Similar findings have been reported 
for atherosclerosis in human cerebral and coronary arteries !*!5 and 
for arteriosclerosis of the lower extremities." Hemodynamics un- 
doubtedly plays a role in this localization as suggested by numerous 
workers. 5? The work of Caro et al ?* is most consistent with our obser- 
vations. As predicted by their model, we find atheroma localized lateral 
to the celiac orifice and progressing upstream, thus suggesting the 
presence of low shear rates and poor nutrition due to decreased ex- 
change of materials in these regions. However, hemodynamics is prob- 
ably not the sole factor causing localization since unique metabolic 
capabilities have been associated with susceptible regions of the aorta 
in other animals. ”* 7S 

Another very important factor, apparently acting synergistically with 
hemodynamics to localize lesion development, is the presence of raised 
muscular cushions representing a normal feature of vascular architec- 
ture at the celiac bifurcation and elsewhere.?* ^" Muscular aggregations 
exhibit the earliest enzymatic changes associated with atherogenesis *" 
and proliferative reactions induced by cholesterol feeding are also 
prominent there.”! In our system, aggregations of smooth muscle cells 
seem to be a necessary prerequisite for lipid accumulation. Further 
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work on the development of cushions and the role of blood flow in 
vascular morphogenesis is needed. 

The role of smooth muscle cells as the major cell type involved in 
the development of atherosclerotic lesions in a variety of animals, in- 
cluding cows, ?? swine," rabbit, baboons," humans, chickens ** 
and pigeons,? has been well documented. Lesions expand by a pro- 
liferative response of normal smooth muscle cells adjacent to regions 
of necrosis in a manner similar to that seen in the healing of arterial 
wounds. This study and others ??'*?*55 suggest that modified smooth 
muscle cells found in earlv atheromatous lesions and even those found 
in fibrous caps of advanced lesions are very active metabolically. Such 
an interpretation is consistent with the presence of increased granular 
endoplasmic reticulum, many polysomal rosettes, a prominent Golgi 
apparatus, and numerous mitochondria in these cells. As Zemplenyi " 
has emphasized, the smooth muscle cell seems to dominate the metabo- 
lism of the normal arterial wall and of lesions at all stages of athero- 
sclerotic involvement. 

This study demonstrates that atherosclerosis in the celiac bifurca- 
tion is a predictable phenomenon in terms of histopathology, topography, 
age and breed differences. It should be possible to isolate metabolic 
changes associated with the spontaneous disease process in this model 
system. A better understanding of the role of energy production, altered 
enzyme patterns and acid mucopolysaccharide metabolism is needed. 
Unequivocal answers to these questions and others concerning the 
role of metabolism in atherogenesis will be obtained only through the 
use of such a defined model system. 
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Fig 1—Noninvolved aorta with ridge-like thickenings extending diagonally proximal from the 
celiac orifice (arrow). White Carneau male, 3-weeks-old (unstained whole mount, x 2.6). 


QUNM nr EE EN 





i 
H 
i 
H 


Fig 2—Two large plaques on either side of the celiac orifice. Smaller plaques are also 
present at the renal branches and in the trifurcation. White Carneau female, 5-years-old 
(unstained whole mount, x 2.1). 





Fig 3—Cushions of smooth muscle cells protruding into the aortic lumen at the celiac 
bifurcation (arrows). White Carneau 10-day embryo (H&E, x 150). Fig 4— Normal 
cushion with circumferentially oriented smooth muscle cells. Laminar organization of 


elastic laminae at left (arrows) of figure is disrupted in the region of the cushion. Show 
Racer female, 4-weeks-old (H&E, x 330). 
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Fig 5—Endothelial and subendothelial lipid deposition in an otherwise normal celiac 
cushion. White Carneau female, 3-months-old (hematoxylin—oil red O, phase contrast, x 420). 
Fig 6—Grade 1 lesion. Many fine lipid droplets are present, some in deeper regions. Slight 
proliferation is visible. Show Racer male, 6-years-old (hematoxylin—oil red O, phase con- 
trast, x 420). 





Fig 7—Grade 2 lesion. Show Racer female, 1-year-old. .A— Marked proliferation has en- 
larged this cushion. Fragmented elastica is evident (arrows) (hematoxylin—oil red O, phase 
contrast, x 165). B-—Higher magnification of area outlined in 7A. Lipid in large pools 
as well as fine droplets can be seen (X 660). 
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Fig 8—Grade 3 lesion. White Carneau female, 6-years-old. A—Lipid-filled plaque exhibit- 
ing considerable luminal protrusion, central necrosis, and involvement of surrounding 
media (hematoxylin—oil red O, phase contrast, x 165). B—Higher magnification of area 
outlined in a. Necrosis and large amorphous lipid pools are evident. x 420. 


Fig 9—Grade 4 lesion. White Carneau male, 6-years-old. A—A large fatty lesion with 
prominent fibrous cap and extensive central necrosis (H&E, x 60). B—Higher mag- 
nification of an adjacent serial section depicting cholesterol clefts (arrows) in the area 
outlined in 9A (hematoxylin—oil red O, phase contrast, x 165). 
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Fig 10—Grade 5 lesion. White Carneau male, 6-years-old. _A—Massive fatty lesion occlud- 
ing more than half the lumen, of this vessel (H&E, x 60). B-——Higher magnification of an 
adjacent serial section showing clusters of red blood cells (arrow) in the center of the 
plaque (H&E, x 420). C—Higher magnification of an adjacent serial section showing 
bone formation (arrow) and what appears to be formation of cartilage (dart) (H&E, x 420). 
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, much granular endoplasmic reticulum (GER), many mitochondria 
ing material resembling that found in extracellular spaces are 


in a 7-year-old White Carneau female containing myofilaments (mf) with 
(M) and glycogen (G). Pinocytotic vesicles are prominent (arrows). The extracellular space 


contains fragmented basement membrane envelope (bme) and some collagen (C). Numer- 


Fig 11—Modified smooth muscle cell in the upper region of the fibrous ca 
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Fig 12—Deeper-lying region of the fibrous cap shown in Fig 11. Modified smooth muscle 
cells in this region contain a similar array of organelles including a prominent Golgi appara- 
tus (g), many free ribosomes (R) and polysomes (p), and microtubules (small darts). 
These cells have many more myofilaments (mf) with dense bodies (/arge darts) and a dis- 
tinct basement membrane envelope (bme). Darkly stained inclusions (arrows) are present, 
and extracellular vesiculated material (V) is abundant. Collagen (C) is more prominent 
here (x 16,500). 


i 





SANTERRE ET AL American Journal 
SPONTANEOUS ATHEROSCLEROSIS IN PIGEONS of Pathology 


[End of Article] 


Endotoxin-Induced Hepatic Damage in 
BCG-Infected Mice 


J. W. Shands, Jr, MD and V. C. Senterfitt, MS 


Systemic infection of mice with Mycobacterium BCG leads to focal liver damage 
by producing many granulomas. By undefined mechanisms, this infection markedly 
enhances the animal’s susceptibility to the lethal effect of endotoxin. Small doses of 
endotoxin given to BCG-infected mice were found to cause acute hepatic damage, 
as demonstrated by elevated activities of liver enzymes in serum and by morpho- 
logic alterations documented by light and electron microscopy and by histochemical 
technics. The morphologic alterations caused by endotoxin included glycogen 
depletion, mitochondrial swelling, disruption of the continuity of sinusoidal en- 
dothelium and focal injury characterized by marked vacuolization of hepatocytes 
and distension and fragmentation of rough endoplasmic reticulum. Histochemical 
studies revealed the apparent release of acid phosphatase from granules in the 
central portions of granulomas, and the release of -glucuronidase from the cyto- 
plasm of hepatocytes. (Am J Pathol 67:23—40, 1972) 


INJECTING ENDOTOXIN into normal mice leads to complex, 
interacting, physiologic and metabolic derangements which may cul- 
minate in death of the animal. Of the many biochemical abnormalities 
observed, alterations in carbohydrate metabolism have received particu- 
lar attention. * The injection of endotoxin has been reported to cause 
a transient hyperglycemia followed by hypoglycemia and depletion of 

carbohydrate stores." Results of in vitro studies of the livers of endo- 
toxin-poisoned rats by LaNoue et al ? suggested that this hypoglycemia 
was a consequence of impaired gluconeogenesis. Since the major gluco- 
neogenic activity occurs in the liver, dvsfunction of this organ may 
play a role in the pathogenesis of endotoxin poisoning. Its anoen 
in the process is strengthened further by the observation that hepatic 
necrosis induced by carbon tetr achloride leads to marked susceptibility 
to the lethal action of endotoxin.” 

The metabolic consequences of injecting endotoxin are far more 
striking in mice rendered hyperreactive to endotoxin than in normal 
mice. In mice and rabbits made hyperreactive by infection with Myco- 
bacterium bovis BCG, profound hypoglycemia was found to occur 
several hours after endotoxin was given, and the animals often died con- 


—— From the Departme nt of Immunology and Medical Micrcbiology, University of Florida, 
College of Medicine, Gainesville, Fla 32601. 

Supported by Grants AL (07257 and STIAI 0128 from the National Institutes of 
Health. 

Accepted for publication Senis mber 19, 1971. 

Address reprint requests to Dr. Joseph W. Shands, hr. 


23 


24 SHANDS AND SENTERFITT American Journal 
of Pathology 


vulsivelv in less than 5 hours." This hypoglycemia, which could be caused 
bv as little as 25-50 ng of endotoxin, was also found to be the result of 
impaired gluconeogenesis.’ This observation suggested the presence of 
hepatic dysfunction in the endotoxin-poisoned BCG-infected mice, 
probably of a much greater degree than that observed in normal mice, 
since the hypoglycemia occurred more rapidly and was more severe. 
In this paper, we report on the pathology of the liver of BCG-infected 
mice given a lethal dose of endotoxin (1.0 ug), as reflected by eleva- 
tions in serum enzyme levels, light and electron microscopy, and histo- 
chemistry. 


Materials and Methods 


Animals 


CD-1, pathogen-free, female mice were obtained from Charles River Breeding 
Laboratories, North Wilmington, Mass. The animals were housed 10 to a cage 
and were fed chow and water ad libitum. 


^ 


Endotoxin 


The endotoxin used was prepared in this laboratory using a smooth strain of 
Salmonella typhimurium. Formalin-fixed whole cells were extracted by the phenol- 
water procedure as described previouslv.!^ A small amount of contaminating 
RNA was removed by RNase digestion followed by reextraction with phenol. The 
endotoxin was suspended in phy 'siologic saline and injected intravenously in a 0.2 
ml volume. 


BCG Infection 


Mice were made hyperreactive to endotoxin by intravenously injecting 0.2 ml of 
a 10-14 day culture of M bovis BCG in Dubos broth base (Difco). This was equiv- 
alent to approximately 10 5 Mycobacteria per mouse. Unless otherwise stated, the 
mice were used in experiments 14 days after infection with BCG, the time of 
maximal reactivity to endotoxin.!! The endotoxin LD., in these mice was approx- 
imately 0.4 ug. In contrast, the endotoxin LD,, for hormsl mice was approximately 
200 ug. 


Serum Enzymes 


Serum glutamic oxaloacetic transaminase (SGOT) and serum glutamic pyruvic 
transaminase (SGPT) were determined by Determatube tests (Worthington Bio- 
chemical Corp, Freehold, N]) using 0.02 ml of serum from each mouse. Serum 
acid phosphatase was assayed by the method of Lowry et al!? and serum [f- 
glucuronidase was assaved bv the method of Talalav et al, 8 using 0.05 ml of 
serum. 


Histological Technics 


Mouse livers were fixed in Bouin's fluid, embedded in paraffin, s sectioned, and 
stained with hematoxylin and eosin (H&E) for light microscopy, Specimens of 
liver for electron microscopy were fixed either by immersing small pieces of tissue 
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in 2.5€ glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 hours at 0 C 
followed by postfixation in 1€ OsO, in phosphate buffer for 2 hours, or by per- 
fusing the portal vein in situ with 2.5% glutaraldehyde in phosphate buffer. After 
perfusion, the liver was cut into small pieces and postfixed in OsO,. After the tissue 
was dehydrated in a graded series of alcohols (75-1004) and embedded in 
Epon,!* sections were made on a Porter-Blum LT-2 ultramicrotome. Thick sections 
were stained with toluidine blue, and thin sections with uranyl acetate followed by 
lead citrate. Observations and photographs were made in a Siemens I electron 
microscope. Two experiments were performed in which livers were examined from 
control animals and from animals given endotoxin 1 and 3 hours previously. In 
each experiment, 5 mice were included in each experimental group. — 


Histochemistry 


Control 14-day BCG-infected mice and BCG-infected mice given 1.0 ug of endo- 
toxin 24 hours previously were killed by cervical fracture. The livers were removed 
quickly and 6-4 frozen sections were cut in a cryostat (International Harris). 
After adhesion to glass slides, unfixed sections were stained for acid phosphatase 
activity by a modified Burstone method.’ Five milligrams naphthol AS-MX phos- 
phorie acid (Sigma Chemical Co) was dissolved in 0.25 ml N, N-dimethyl- 
formamide and added to 50 ml 0.1 M acetate buffer (pH 5). Thirty-five mg of 
diazonium salt (fast red violet LB, Verona Dvestuffs, Union, NJ) was added and 
the solution filtered into Coplin jars. The freshly cut sections were incubated at 
25 C for 1 hour and fixed in neutral formalin. After counterstaining with Meyer's 
hematoxylin, the sections were mounted with coverslips using glycerin jelly. Simi- 
lar sections on slides were placed in cold, neutral formalin immediately after cut- 
ting and were left in formalin overnight. After washing in distilled water for 2 
hours, they were stained for @-glucuronidase activity using the substrate of 
Fishman and Baker.!9 The sections were kept 18 hours at 6 C in a Coplin jar con- 
taining the substrate solution and then incubated for 15 hours at 37 C. After 
rinsing briefly in distilled water, the sections were transferred to 0.5 M oxalate 
buffer (pH 4.5) for 15 minutes at 25 C, and rinsed again. The slides were trans- 
ferred to freshly prepared 2% potassium ferrocyanide and after 10 seconds an 
equal volume of 1 N HCl was added for an additional Z minutes. After rinsing, the 
potassium ferrocyanide was again added for 10 seconds followed by HCl again 
for 10 minutes. After rinsing in distilled water, the Prussian blue-stained sections 
were counterstained with 0.1% nuclear fast red (Matheson, Coleman and Bell, 
East Rutherford, NJ) in 5% aluminum sulfate. The sections were dehydrated in 
alcohol, cleared in xylene and mounted with Permount. Renal tissue was also 
stained for B-glucuronidase to check for the known distribution of the enzyme.!* 


Results 


Table 1 shows (1) the effect of BCG infection alone on serum enzyme 
activities;(2) the effect of BCG infection plus endotoxin on the serum 
enzyme activities and (3) the responsiveness of the mice to endotoxin 
toxicity. BCG infection alone caused an elevation in the SGOT and 
SGPT and the elevation apparently was maximal at the time when the 
mice were maximally susceptible to endotoxin. On the fifteenth day 
after BCG infection, the mice had both their highest serum enzyme 
activities and the highest mortality after endotoxin. In a separate ex- 
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periment, we found that by day 29 the SGOT and SGPT had fallen to 
approximately one half their peak activities and that the mortality was 
also diminished. This suggested that serum enzyme elevations were 
correlated with hyperreactivity to endotoxin. 

BCG infection alone also caused a modest elevation in serum acid 
phosphatase as was reported previously by Saito and Suter.'* }-Glu- 
curonidase activity was undetected in BCG mice before endotoxin be- 
cause accurate determinations were not possible with sera of individual 
mice. However, Saito and Suter, using pooled plasma, showed that 
BCG infection alone caused a 20-fold increase in plasma D-glucuron- 
idase.'? 

When endotoxin was injected into the mice, and serum enzvmes were 
measured 2 hours later, the following effects were noted (Table 1): 
In the normal mice (0 davs after BCG), there were insignificant ele- 
vations in SGOT and SGPT and a modest elevation in acid phosphatase. 
On days 10 and 15 after BCG infection, when hyperreactivity was 
manifest, remarkable increases in SGOT, SGPT, acid phosphatase and 
B-glucuronidase occurred after endotoxin, approximately sixfold for acid 
phosphatase and >20-fold for f-glucuronidase. These data suggest 
considerable lysosomal release and hepatocellular damage. Of interest 
is the fact that when normal mice were given an LD;, of endotoxin, 
elevations in enzyme activities were noted, but the levels obtained did 
not approach those observed with endotoxin-poisoned, BCG- infected 
mice (Table 2). 

Histologic studies of BCG-infected mice revealed the following: 


H d» E-Stained Sections. Fig 1 shows mouse liver 14 days after 
BCG infection. While normal-appearing liver cords are present, it is 
obvious that the overall architecture of the liver is disturbed by the 
numerous granulomas studding the parenchyma. Two hours after 1.0 
ug of endotoxin, little change was noted by H&E stain except for a 
possible dilation of the sinusoids. 


Table 2—Effect of Endotoxin on Serum Enzyme Levels of Norma! Mice 


Acid 
SGOT* SGPT* Phosphataset 
Controls 125 + 5 165 + 4 1.53 + .04 
(7) (7) (7) 
2 hours after 200 ug of LPS 143 = 4 285 + 56 2.7 uw Il 
(4) (4) (4) 


* Glutamic oxalacetic and glutamic pyruvic transaminases are expressed as mean 
absorbancy units/ml of serum = standard error (number of mice in parentheses). 
+ Expressed as moles of p-nitrophenol produced in 40 minutes + standard error. 
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Toluidine Blue-Stained Sections. These were prepared from the 
Epon-embedded tissue sectioned at a 1 u thickness. Fig 2 shows a 
portion of liver 14 davs after BCG infection. The hepatocvtes and si- 
nusoids in the noninflamed portions of liver appear normal with only 
minor vacuolization of the hepatocytes, Dark-staining areas in the par- 
enchymal cells probably represent glycogen deposits. One hour after in- 
jection of 1.0 ug of endotoxin, several changes were noted. First, the 
sinusoidal spaces seemed to be dilated. Second, dark areas seen in the 
cytoplasm of hepatocytes, probably representing glycogen, disappeared. 
Third, in scattered areas of the liver, small, peripheral vacuoles appeared 
in the hepatocytes, some of which seemed to be open to Disse's space. 
Three hours after endotoxin, these changes were quite evident (F ig 3). 
Extensive vacuolization was occasionally observed, and in some areas 
this appeared to be of sufficient degree to suggest severe focal injury 
(Fig 4). In addition, stacking of erythrocytes in sinusoids occurred in 
scattered areas of the liver, suggesting circulatory stasis. In livers that 
were fixed by immersion, the stacking of erythrocvtes was sometimes 
observed as early as 10 minutes after endotoxin. There was a loss of the 
staining properties of some hepatocytes, such that subcellular organelles 
(probably mitochondria) became quite distinct. 


Electron Microscopy 

Fig 5 and 6 depict mouse liver 14 davs after intravenous infection 
with BCG. The architecture of the hepatocytes appeared to be normal, 
with good preservation of cytoplasmic organelles and abundant gly- 
cogen. Generally, small vacuoles were fairly prominent and some con- 
tained myelinic figures as in Fig 5. Fig 6 depicts an area adjacent to a 
granuloma, and shows an injured hepatocyte adjacent to cells of the 
granuloma. Such cells were commonly found in these areas and probably 
were the source of the elevated serum enzymes caused by BCG in- 
fection. 

One hour after 1.0 ug of endotoxin, at least two types of focal changes 
were noted. First, there was a disappearance of glycogen granules. Some 
cells were almost totally devoid of glycogen while others appeared to 
have a normal amount. Second, in some areas a dissolution of mito- 
chondrial matrix could be observed, along with apparent mitochondrial 
swelling. In F ig 7, there is a large sinusoid mostly filled with pro- 
cesses of Kupffer cells. The mitochondria of the surrounding hepato- 
cytes appear swollen, pale, and in some, the cristae have fragmented. 
This lesion was not observed in all animals, and when it was present, it 
was limited to focal involvement. Although the hepatocytes contained a 
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fair number of lipid droplets, thev seemed no more numerous than in 
control hepatocytes. 

Three hours after 1.0 ug of endotoxin, ultrastructural changes were 
more apparent. There was a general depletion of glvcogen granules. 
The vacuolization seen by light microscopy (Fig 3) was quite evident, 
and many of these vacuoles communicated with the space of Disse 
(Fig 8). In addition, the space of Disse appeared to be distended and 
processes of sinusoid lining cells appeared to be separated more widely 
than usual. Finally, at 3 hours extensive injury to hepatocytes was ob- 
served (Fig 9). This is a micrograph of a portion of the vacuolated 
cells seen in Fig 4 and shows portions of hepatocytes containing large 
vacuoles and dilated, fragmented ergastoplasm. T he autechondia, 
however, appear normal. 


Histochemistry 


Histochemical staining for acid phosphatase showed that in the 
livers of BCG-infected mice the enzvme appeared to be associated with 
granules (Fig 10), and it was particularly concentrated in the centr i 
portion of the granulomas, as has been reported by Grogg and Pearse.! 
In contrast, D-glucuronidase did not appear to be associated with gran- 
ules and was found diffusely throughout the cytoplasm of hepatocytes 
(Fig 11). A surprising finding was the absence of p-glucuronidase 
activity in the granulomas (G) which are especially rich in granules 
containing acid phosphatase. 

Endotoxin in BCG-infected mice seemed to cause some redistribution 
of acid phosphatase in some of the cells of the granuloma. Fig 12 shows 
that the stain no longer appeared only in discrete granules but in some 
cells appeared to be distributed throughout the cytoplasm (arrows). 
However, redistribution of B-glucuronidase activity was much more 
apparent. In two of three separate experiments, injecting 1.0 ug of 
endotoxin to BCG-infected mice resulted in a decreased intensitv of the 
stain for B-glucuronidase. In one of the experiments, there was almost 
complete blanching of the hepatocytes, especially in the peripor tal areas, 
2 hours after Endotori. Fig 13 and 14 illustrate the loss of staining for 
-glucuronidase caused by ATONA: Fig 13 shows BCG-infected, con- 
trol liver -glucuronidase and Fi ig 14 shows the decreased stain intensity 
in the liver from an endotoxin-poisoned, BC G-infected mouse. 


Discussion 


BCG-infected mice are remarkably sensitive to endotoxin, and are 
killed by approximately one thousandth of the usual mouse lethal dose. 
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In molecular terms, assuming the average molecular weight of endo- 
toxin to be in the range of 10° daltons, and LD, represents approxi- 
mately 5 = 10" particles, almost as potent as some exotoxins. The 
endotoxin death of BCG-infected mice is more rapid than that of normal 
mice (4 hours versus 18 hours) and it is often preceded by convulsions.** 
The blood glucose concentration falls precipitously between 3 and 4 
hours after endotoxin in BCG-infected mice, ^^ and previous work 
showed that endotoxin caused a marked impairment in gluconeogenesis 
in BCG-infected mice. Since the liver is the chief organ for gluconeo- 
genesis, liver damage was suggested. 

The experiments reported in this paper showed that BCG infection 
alone produced elevations in the serum levels of GOT, GPT, and also in 
serum acid phosphatase. Saito and Suter showed previously that the 
plasma levels of acid phosphatase and D-glucuronidase were elevated 
in BCG-infected mice." The increased levels of SGOT and SGPT sug- 
gest hepatic parenchvmal damage, whereas the increase in the acid 
phosphatase and [-glucuronidase might reflect lysosomal instability. 
Our morphologic data are consistent with hepatic parenchymal damage 
by BCG infection alone. Injured hepatocytes were found in areas ad- 
jacent to granulomas (Fig 6) and the histochemical data suggested 
that the reported elevation in plasma f-glucuronidase by BCG infec- 
tion !? was actually due to hepatocyte damage, since the enzyme ap- 
peared to be concentrated largely throughout the cytoplasm of hepa- 
tocytes. This might also explain the observation by Saito and Suter 
that while BCG infection resulted in a twofold increase in plasma acid 
phosphatase, plasma [-glucuronidase was elevated 920-fold.!* 

In addition to the focal hepatic damage in mice resulting from BCG 
infection alone, this treatment, in some manner, conditioned the mice 
such that small doses of endotoxin caused acute hepatic injury. Large 
increases in SGOT, SGPT, and serum f-glucuronidase occurred after a 
dose of endotoxin that produced only minor changes in SGOT and 
SGPT in normal mice. In addition, a lethal dose of endotoxin in normal 
mice failed to produce such striking alterations in the serum levels of 
these enzymes. 

The reality of endotoxin-induced hepatic damage in BCG-infected 
mice was confirmed by morphologic observations. Four morphologic 
features were found in the livers of BCG-infected mice after endotoxin. 
First, there was rapid focal depletion of glycogen which by 3 hours 
usually involved extensive depletion throughout the liver. Second, there 
were focal areas of mitochondrial pathology, usually occurring within 
the first hour after endotoxin. Third, there was distention of the sub- 
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sinusoidal space and vacuolization of hepatocytes, usually occurring 
between 1 and 3 hours after endotoxin. Fourth, 3 hours after endotoxin, 
foci of hepatocyte injury were detected. 

A number of papers have described endotoxin-induced liver pathology 
in mice, dogs and hamsters ***, and in these reports the pathologic 
changes observed were verv similar to those reported in this paper, in- 
cluding depletion of glycogen, changes in sinusoidal endothelium, con- 
gestion of hepatic vessels, mitochondrial pathology and focal injury. 
The only differences between these reports and our observations are 
the minute amounts of endotoxin required to produce the hepatic dam- 
age in BCG-infected mice, and the acuteness of the damage as dem- 
onstrated by the precipitous release of hepatic enzymes into the cir- 
culation. Also, although some of our observations suggest circulatory 
stasis in the liver (Fig 4), we have not observed platelet thrombi in 
the livers of endotoxin-poisoned, BCG-infected mice, in spite of the fact 
that they appear to suffer from a consumption coagulopathy.” Such 
thrombi have been reported in endotoxin-poisoned mice by 
others.?* ^^ 

To what extent the reported changes in the livers of narmal animals 
are due to shock and/or altered hepatic circulation or a direct effect 
of endotoxin is far from clear, and the same uncertainty applies to 
our work with BCG-infected mice. In all probability, the various focal 
changes that were observed were due to a multiplicity of factors in- 
cluding altered circulation in the liver, perhaps a direct toxicitv of 
endotoxin and even hypoglycemia. 

Histochemical studies were performed because release of lysosomal 
enzymes might be a mechanism by which endotoxin effects tissue dam- 
age." Saito and Suter reported +°"! that acid hydrolases were increased 
approximately twofold in the livers and in the peritoneal macrophages 
of BCG-infected mice and that endotoxin given to these animals caused 
striking elevations of p-glucuronidase and less striking elevations of 
acid phosphatase in plasma. Furthermore, they demonstrated a corre- 
lation between the release of these enzymes into plasma and the hy- 
perreactive state of the BCG-infected mice. Our enzyme data are con- 
sistent with theirs. Endotoxin caused a six- to sevenfold increase in 
serum acid phosphatase after 2 hours, but a greater than 20-fold in- 
crease in [-glucuronidase. Our histochemical data showed that f- 
glucuronidase was present in greatest amount in the cytoplasm of 
hepatocytes and, surprisingly, essentially absent from the granulomas. 
Others have reported that some of the so-called lysosomal enzymes may 
have dual localizations, "^ and in particular that D-glucuronidase in 
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liver not onlv is lysosomal in location but also is distributed throughout 
the endoplasmic reticulum of hepatocytes. Our data suggest that a major 
source of the endotoxin-induced elevation of serum f)-glucuronidase is 
injured hepatocytes. The lesion shown in Fig ig 9 revealing dilation and 
fragmentation of the endoplasmic reticulum as a response to endotoxin 
could account for the dramatic increases of this enzvme in serum. À 
similar lesion adjacent to a granuloma (Fig 6) could account for 
the high levels of serum f-glucuronidase resulting from BCG infection 
alone." Certainly our data suggest that little of the serum [-glucur- 
onidase comes from the cells making up the granulomas, since they seem 
to be virtually devoid of the enzyme, This, however, does not rule out 
the Kupffer cells as a source of the enzyme, since in the BCG-infected 
mice these cells are particularly rich in lysosomes (Fig 6 and 7). 

Unlike the serum (-glucuronidase which appears to come from in- 
jured hepatocytes in BCG-infected mice given endotoxin, at least some 
of the serum acid phosphatase appears to come from lysosomal release in 
the granulomas, and, although we have no data on the point, some of 
the serum enzyme released by endotoxin may also come from Kupffer 
cells. Our data, therefore, suggest both ly sosomal labilization in granu- 
lomas with enzyme release and hepatocyte damage with enzyme release, 
but they allow no conclusion as to the cause and effect. The concept 
that endotoxin effects its damage through lysosomal labilization, there- 
fore, remains moot. 
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Fig 1—Liver from a 14- 
day BCG-infected mouse 
(H&E, x 320). 


Fig 2—Perfusion-fixed 
liver from a 14-day BCG- 
infected mouse (tolui- 
dine blue, x 960). 


Fig 3—Perfusion-fixed 
liver from a 14-day BCG- 
infected mouse given 
1.0 „g of endotoxin 3 
hours previously (tolui- 
dine blue, x 960). 
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Fig 4—Immersion-fixed liver from a 14-day BCG-infected mouse given 1.0 ug 
of endotoxin 3 hours previously (toluidine blue, x 448). 
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Fig 5—Liver from a 14-day BCG-infected mouse (uranyl acetate and lead citrate, x 3000). 





Fig 6—Same as Fig 5, showing the edge of a granuloma (G), an injured hepatocyte (D) 
and abundant lysosomes in a sinusoidal epithelial cell (L) (x 3000). Fig 7—Liver from 
a 14-day BCG-infected mouse given 1.0 „g of endotoxin 1 hour previously, showing a 
sinusoid filled with Kupffer cells (S), and portions of two hepatocytes with swollen and 
occasionally fragmented mitochondria (M) (x 2800). 
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Fig 8—Liver from a 14- 
day BCG-infected mouse 
given 1.0 ug of endo- 
toxin 3 hours previously, 
showing dilation of the 
subsinusoidal space (S) 
and vacuoles communi- 
cating with Disse’s 
space (X 3000). Fig9 
—Same as in Fig 8, il- 
lustrating injured hepa- 
tocytes with relatively 
well-preserved mito- 
chondria (x 3000). 
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Fig 10—Acid phosphatase stain of control BCG-infected liver showing dense 
staining in discrete granules in a granuloma (x 514). 





Fig 11—5-glucuronidase stain of control BCG-infected liver showing dense stain- 
ing of hepatic cords and absence of stain in granulomas (G) (x 112). 





Fig 12—Acid phosphatase stain 215 hours after endotoxin, showing diffuse 
staining of some cells (x 514). 





Fig 13—8-glucuronidase stain of control BCG-infected liver, showing dense stain in cyto- 
plasm of hepatocytes (x 514). Fig 14—-glucuronidase stain 215 hours after endo- 
toxin, showing decreased intensity of cytoplasmic staining (x 514). 


Experimental Concussion 
Ultrastructural and Biochemical Correlates 


W. Jann Brown, MD, N. Yoshida, MD, T. Canty, MD and 
M. Anthony Verity, MD 


Ultrastructural and biochemical alterations were studied in the brainstem reticular 
formation of animals in which transient coma had been induced by controlled 
blows to the head. After a period of 7-10 days, animals that did not show obvious 
injury were artificially respired and sacrificed by perfusion with buffered formalin 
and glutaraldehyde. Histochemistry and light microscopy revealed chromatolysis 
of 10-15% of the neurons of pertinent segments of the nucleus giganto cellularis. 
There was much PAS-positive, diastase-sensitive material in the associated neuropil. 
Electron miscroscopy of the region confirmed the polysaccharide accumulation 
in dendrites, presynaptic boutons and preterminal axons. Similar material was 
found in some astrocytes. A longitudinal microchemical investigation with suitable 
controls of glycogen concentration in the brainstem demonstrated peak values 
at 5-7 days after concussion. No significant change in phosphorylase activity was 
demonstrated. The significance of glycogen accumulation in postconcussive injury 
and possible mechanisms for its accumulation in relation to changes in electrolyte 
balance and alterations in Kreb's cycle intermediates are discussed. (Am J Pathol 
66:41-68, 1972) 


THE BASIC MECHANISMS involved in the pathogenesis of con- 
cussion and the postconcussive state have not been elucidated despite 
long and intensive investigative efforts on the part of numerous in- 
vestigators.” "X ontributing to this problem are not only the unknown 
factors stemming from traumatic effects on the nervous system, but also 
difficulties in directly relating the svndrome in partially anesthetized 
experimental animals to that in man and the inabilitv to standardize 
or measure the concussive effects of trauma in the human being. 
Ommava * recently defined concussion as a term implying traumatic 
disruption of the functional integritv of the nervous system, the most 
dramatic manifestation of which is sudden loss of consciousness. There 
are obvious limitations in the use of laboratory animals in this regard, 
and the degree of awareness and/or a memory deficit is not e; € de- 
termined. A standard method for establishing an admittedly imperfect 
experimental model of the syndrome has been worked out by Denny- 
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Brown and Russell.’ The technic is based upon loss of certain critical 
brainstem reflexes which is transient in lightly anesthetized animals. 
The duration and intensity of the reflex change is related to the severity 
of the initial traumatic episode. 

Electrophysiologic studies using superficial and deep recordings have 
shown that the period of unconsciousness correlates well with lessening 
cortical electric activity of variable duration."? Rhines, Magoun and 
Windle' demonstrated an inhibitory mechanism stemming “fori the 
brainstem reticular activating system. Though the structural-biochemi- 
cal correlates involved in the underlying basis of concussion are not 
clear, it is evident that this segment of the brainstem is somehow 
affected. 

Windle and colleagues induced concussion in guinea pigs and 
found a characteristic distribution of chromatolysis in roughly 10- 
20% of the large neurons of the midline reticular nuclei, lateral vestibu- 
lar nuclei and red nuclei. The chromatolytic changes followed a time 
course of dev elopment similar to that of retrograde chromatolysis sec- 
ondary to axonal injury; however, some morphologic differences were 
claimed by the ae Such chromatolysis has been induced by other 
investigators in dogs, monkeys and cats. We have confirmed the 
light microscopic findings of Windle and these other investigators but 
have looked, in addition, at the ultrastructural pathology of neurons 
and neuropil of the brainstem reticular formation. A parallel study of 
some aspects of glycogen metabolism related to ultrastructural findings 
of increased glycogen accumulations in this region were also explored. 


11-15 


Materials and Methods 


Young 250 g female guinea pigs were lightly anesthetized with pentobarbital 
(60 mg/kg/body weight) intraperitoneally. The animal was prepared as demon- 
strated in Text-fig 1. This arrangement kept the head in a midline position but 
allowed movement in the direction of the concussive impulse. Animals were struck 
in the parieto-occipital region with a weighted pendulum similar to that used by 
Dennv-Brown and Russell! Criteria used to evaluate the clinical state after the 
blow were: unconsciousness as manifested by absence of corneal and pinna reflexes, 
loss of pain appreciation and an inspiratory gasp followed by a period of apnea and 
bradycardia. These changes were transient and their duration directly related to the 
severity of the blow. A model No. 1020 Endevco piezo-electric microaccelerometer 
with a ‘sensitivity of 4.75 m/gravity with a range of 1-10,000 g was previously fixed 
to the animal's forehead with a stainless-steel screw and dental cement. Acceleration 
in the direction of the applied force was measured by feeding the accelerometer 
output into a model No. $65 Tektronix oscilloscope, then into a Tektronix recording 
camera. By proper calibration, direct measurement of the intensity and duration of 
acceleration of the head was obtained, but a varying number of blows often had to 
be applied using a consistently weighted pendulum swung through an arc until 

"concussion" could be demonstrated by the clinical criteria cited above. After 
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TExT-FIG l-—Line drawing of concussion apparatus with weighted eccentric pendulum. 
Anesthetized guinea pig in freely moving position. 


impact, the pendulum and the head were allowed to travel 2.5 em before the pen- 
dulum came to rest against a fixed rubber stopper (Text-fig 1). The animal rolled 
clear of any secondary impact. 

The electrocardiogram was recorded on a Gilson Medical Electronies poly graph 

and the electroencephalogr am taken from two indwelling scalp needle electrodes in 
the parieto-occipital region on an Offner portable c ten cen eph thalograph (type 10). 
These physiologic dar were taken both during the unconscious state and the short 
recovery pe riod, 
Successful light and electron microscopic observations were made on 4 animals 
7-10 days after concussion. A total of 14 animals were submitted to the concussive 
regimen, but clinical, phvsiologic and/or perfusion of the brainstem for electron 
microscopy was not considered optimal in the remainder. Anv animal that revealed 
evidence of injury to skull, meninges or brain was discarded. Animals were prepared 
for optical study as follows: light pentobarbit: al narcosis was induced, a glass can- 
nula inserted into the ascending aorta and iso-osmotic 10% formalin-acacia mix- 
ture 15 introduced at 60-70 mmHg pressure at room temperature. Cross sections 
of the medulla were made, embedded in paraffin, step sections cut at 10 u and the 
sections stained with cresyly iolet or buffered thionine. 

After a similar postconcussive period, comparable animals were selected for 
electron microscopy. Under light pentobarbital anesthesia, a tracheostomy was 
done and respiration artificially anae by administering 95% O, anc 5% CO.. 
The chest was opened, a cannula quickly tie ‘d into the ascending aorta, ie right 
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atrium opened and the brain perfused by 20 inl of 5€ CO, and 95% O, saturated 
Ringer's solution followed by 450 ml of 1. n paraformaldehyde a 1. 2o Md 
Worte -purified glutaraldehy de in 0.135 M phosphate buffer (pH 7 The ani- 

mals were allowed to stand undisturbed in the cold for about 1 e PE firmly 
fixed brains were removed carefully, sectioned across at the midolive medullary 
level and above. Pertinent blocks were removed from the reticular formation just 
lateral to the medial lemniscus, to include the nucleus giganto cellularis (Text-fig 2). 

The blocks were placed in fresh 1.0% glutaraldehyde in buffer for 4 hours, "ben 
finelv sliced with acetone-cleaned razor blades. The small blocks were rinsed in 
buffer and placed in phosphate-buffered 2% osmium tetroxide solution. After 1 hour, 
blocks were rinsed twice with 2.4% NaCl solution, dehydrated in graded ethyl 
alcohols and embedded in Epon resin 812. One-micron-thick sections were stained 
with toluidine blue for orientation. and cell selection. Thin sections of revised 
blocks were cut with glass and diamond knives, placed on copper grids previously 
coated with formvar, stained variously with lead monoxide 1° or lead citrate 7" and 
aqueous urany]l acetate. Examinations were made with the Hitachi HU-11 and 
Siemens 1A microscopes. 
Chemistry 

Glycogen Determinations. Female Swiss mice weighing 25-27 g were decapi- 
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TEXT-FIG 2—Diagrammatic cross section of brain stem and cerebellum of guinea pig. 
Cells examined were from nucleus giganto cellularis of reticular formation (arrow). 
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tated directly into liquid nitrogen. The skull was exposed over the occipital region, 
the bone removed and the cerebellum dissected free. The brainstem was rapidly 
excised in the cold room and weighed before being placed in hot 30% KOH and 
heated to 95 C for 20 minutes. One milliliter of glass-distilled ethanol was added to 
the cooled digestate which was allowed to stand at 2 c for 3 hours. The ethanol- 
KOH mixture was centrifuged at 4000 rpm for 5 minutes and the supernatant 
decanted; 1.5 ml of methanol-chloroform (4:1 v/v) was added and the sediment 
stirred with a glass stirring rod into the extraction medium to nne cerebrosides. 

The methanol-chloroform mixture was warmed at 50 C for 15 minutes before 
centrifugation at 4000 rpm for 10 minutes. The resu! iting supernatant was care- 
fully removed with a disposable Pasteur pipet t and the sediment allowed to drain. 
The glycogen button was solubilized with 0.5 ml of 0.1 N HCl. Of this solution, 
0.1 ml was assayed for glycogen, using the modified microanthrone procedure of 
Verity and Brown.?! 

Glycogen Phosphorylase. Phosphorylase was measured by the conversion of 
glucose-1 -phosphate to glycogen with liberation of inorganic phosphate. Mice were 
decapitated in liquid nitrogen and the midbrain plus ras en rapidly removed 
and placed in 1 ml of ice-cold 50 mM sodium fluoride and 5 mM EDTA, The 
tissue was homogenized in a small glass Potter-Elvjhem type of homogenizer. 
Aliquots of homogenate were placed in an assay ise of 0.5 ml total volume 
containing 0.08 M citrate buffer, pH 6.7; 150 mM g glucose- 1-phosphate and 20 mg 
glycogen. A 0.1 ml aliquot was remov ed from the assay medium at zero time and 
protein precipitated in an equal volume of 0.5 N perchloric acid. At the end of 30 
minutes of incubation, a further 0.1 ml aliquot was removed from the assay system 
and precipitated by 0.5 N perchloric acid. After the prciprated protein was 
centrifuged, the supernatant was neutralized by 25 ml of 2.5 N potassium carbon- 
ate and the potassium perchlorate formed removed bv centrifugation. One-tenth 
milliliter aliquots of the supernatant were assaved for phosphate after the method 
of Verity and Bevan.?? Phosphorylase activities were determined in the absence 
and presence (total) of 1 mM adenosine monophosphate (AMP). 

Protein was determined on homogenates by the method of Lowry ef al 7? using 
bovine serum albumin as protein standard. 


Results 
Reticular Formation (Nucleus Giganto Cellularis) in Control Animals 
Optical Microscopy 

Cresylviolet- or thionine-stained preparations of these nuclei revealed 
three types of neurons, roughly classed as large, intermediate and small. 
The larg ge cells had extensive masses of Nissl substance in their cyto- 
plasm (Fig 1). The masses were smaller in the intermediate cells 
and the smallest cells had rather sparse clumps of Nissl substance. In 
4 experimental animals, roughly 10-15% of the large neurons appeared 
to have undergone chromatolvtic alteration. Chromatolysis was of the 
central type (Fig 2) and appeared to be similar to the neuron changes 
seen in axonal injury. There was no obvious proliferation or unusual 
collection of astrocytes, oligodendrogliacytes or reactive cells in the 
region of the involved neurons. Weil and Glees stains revealed no other 
abnormalities of the neuropil. Periodic acid-Schiff preparations dis- 
closed increased particulate masses of PAS-positive, diastase-sensitive 
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material throughout the reticular formation, which is indicative of 
polysaccharide accumulation. 


Electron Microscopy 

Neurons from control guinea pigs that contained within their cyto- 
plasm normal-appearing Nissl substance and nuclear orientation, were 
selected from l-u toluidine blue-stained sections. A portion of a thin 
section of a control large neuron from the nucleus giganto cellularis 
is shown in Fig. 3. The arravs and plates of cisternae of the ribosome- 
studded rough endoplasmic reticulum are formed into lar ge aggregates 
representing Nissl material. Some free polysomes may be noted between 
the cisternae and stacks of paranuclear-orientated Golgi membranes. A 
few dense bodies and condensed mitrochondria are found with no par- 
ticular arrangement. In this region of the brainstem, there is an exten- 
sive maze of myelinated axons and interweaving dendrites, synapses 
and glia. The heavy mvelination of the reticular a makes thin 
sectioning difficult. Gly 'cogen rosettes were virtually absent from the 
neuronal perikaryon. Ty pical neurotubules were abundant throughout 
the cell soma, 

Svnaptic bulbs and preterminal axons contained mitochondria, num- 
erous neurofilaments, neurotubules and abundant synaptic vesicles. The 
vesicles in some end bulbs were tubular or oval, whereas other pre- 
synaptic bulbs were filled with typical spherical vesicles (Fig 4). 

Those endings containing spherical vesicles are additionally charac- 
terized bv f meadu and less packing of spherical vesicular 
profiles. Moreover, a greater tendency for the spherical profiles to abut 
the region of the synapse was note d: in contrast, the preterminal end- 
ings aiceid by tubular profiles were larger, contained more 
densely packed vesicles per unit area, and were evenly distributed 
through the presynaptic bouton. The average diameter of the spherical 
profiles varied from 400 to 530A. The tabulis profiles, on the other 
hand, were more heterogeneous with mean longitudinal diameters of 
635A and short axes of 250A. The occasional larger dense cored vesicle 
(Type I) had a mean diameter of 1030À. 

Of possible neurophysiologic significance was the arrangement of 
fine neuofilaments in regions relatively clear of any organelles in many 
preterminal synaptic MOM characterized by spheric: al vesicles. This 
finding in certain pr Vi synaptic knobs has also been described by 
Gray and Cuillery.?'*^? Some preterminal axons while having no ap- 
parent neurofibr ils did have e many microtubules. It was our impression 
that such tubules were found in axons whose terminals contained ellip- 
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soid vesicles, but a critical assessment of much material and associated 
'ariations is necessary before such a singular feature as the differential 
distribution of neurofibrils and tubules in relation to types of vesicles 
could be a descriptive realitv. Bowsher and Westman 7*7* have also com- 
mented upon fine fibrils occurring both singlv and in small fascicles 
along the sides of preterminal knobs in a position apposing collections 
of synaptic vesicles in the reticular formation of the cat. A further 
characteristic feature of this region in the guinea pig is that both Tvpe 
| and Type II synapses ^ end on dendrites and somata of the reticular 
neurons (Fig 4 and 5). 

Occasionally, small rosettes of darkly stained glycogen were noted, 
admixed with the various types of synaptic vesicles. The glycogen 
masses were similar to such rosettes found in hepatic cells ? and in 
centrifuged preparations of pure glycogen." The polysaccharide stained 
intensely with lead salts, but only vague ghosts were noted when stain- 
ing primarily with aqueous uranyl acetate. 


Postconcussion Animals 

In the chromatolytic neuron cytoplasm of the injured guinea pig, 
there was a general picture of disarrav. The rou gh-surfaced endoplasmie 
reticulum was no longer arranged in stacks of cisternae, but appeared 
dispersed to the periphery away from the nucleus, and the membranes 
consisted of short segments and strands (Fig 6). Ribonucleoprotein 
particles and polysomes were loose and scattered throughout the cyto- 
plasm. Small orderly collections of neurofibrillae were seen in the cyto- 
plasm, sometimes in seemingly linear array in relation to mitochondria 
(Fig 6). 

In general, abnormalities in mitochondrial morphology were not seen 
except for rare instances of autophagic vacuole formation and lipid 
inclusions. Swelling and abnormalities of cristal morphology were not 
observed. Intramitochondrial densities were absent. The Golgi lamellae 
were normallv distributed about the nucleus but occasional bizarre 
dilatation of cisternae was noted (Fig 7). 

Bowsher and Westman *** have described, in this region of the 
brainstem of the cat, two main types of neurons: in one, the dendrite 
conformation is polydendritic and in the other, oligodendritic. The 
plasma membrane of the polydendritic neuron was characterized as 
having multiple short, blunt spines which projected into the surround- 
ing neuropil. Such structures are the sites of svnaptic specialization, 
with presynaptic knobs containing either spherical or ellipsoidal ves- 
icles, synapsing on their surfaces. The presynaptic knobs appeared to 
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clasp the spine. No special apparatus was noted within the spinous 
process, but near the neck of the spines there were usually one to three 
coated vesicles. These vesicles, throughout all neurons examined, meas- 
ured 500-1200A. Such a relationship was still retained in the chroma- 
tolytic neuron (Fig 6 and inset). The spines, in this situation, are ac- 
centuated by greatly enlarged extracellular spaces, but such spaces were 
rare, 

A number of chromatolytic neurons exhibited dilatation of the ap- 
posed Golgi cisternae and contained some amorphous dense material 
and numerous scattered small vesicles (Fig 7), some had a few multi- 
vesicular bodies. Further, some of the parallel arrangement of the Golgi 
lamellae in relation to the nuclear envelope was greatly altered by the 
dilatation of cisternae. Mitochondria remained numerous, but scattered, 
and their usual structure appeared unchanged by the alterations seen 
in the neuron cytoplasm (Fig 6 and 7). Chromatolysis, though of lesser 
degree, was noted in a number of scattered intermediate and small-size 
neurons of the reticular network, 

Mitochondria of the presynaptic bulbs and preterminal axons of the 
neuropil of this region of the guinea pig brainstem exhibited no ap- 
parent modifications of contour or matrix (Fig 8 and 9). The numbers 
of these organelles in preterminal endings varied greatly, however. 
Synaptic vesicles were spherical or tubular, and in many presynaptic 
bulbs, dense-cored bodies with a thick nimbus-like bounding membrane 
were commonly found (Fig 8). These dense-cored particles measured 
900-1500 A in diameter and were analogous to type I granular vesicles.” 

Significant early and late degenerative changes were easily identified 
in presynaptic bulbs. These alterations were seen in preterminal end- 
ings containing both tubular and spherical vesicular profiles. Moreover, 
many postsynaptic dendrites were contiguous with both abnormal- and 
normal-appearing presynaptic structures (Fig 10). Minimal morpho- 
logic evidence of presvnaptie injurv was observed in the increased ac- 
cumulation of glycogen, normal-appearing and often increased num- 
bers of synaptic mitochondria and, rarely, numerous Type I granular 
vesicles (Fig 8-10). Later evidence of presynaptic injurv was charac- 
terized by fragmentation and dilatation of membranes that seem akin 
to smooth ER profiles and the incorporation of rosettes of glycogen 
within membranous multilamellar structures suggestive of autophagic 
vacuoles (Fig 10). In similar boutons, numbers of residual bodies were 
evident. ( Fig 11). 

Glycogen was not found within either chromatolytic or uninvolved 
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neuron somata. Associated astroglia did contain some polysaccharide 
within cvtoplasm. 


Physiologic Studies 


These data were obtained primarily as a means to control the pro- 
duction of concussion. The blows to the head consistently produced 
changes in the electroencephalogram that varied from marked slowing 
to almost complete flattening of the record in the immediate post- 
concussive period. Gradual recovery occurred with the appearance of 
high-amplitude slow waves and then eventual reversion to “normal” 
preconcussion fast electrical activity. Electroencephalographic recovery 
closely followed clinical recovery of critical reflexes used in establishing 
criteria of concussion. The data ‘obtained was similar to other more de- 
tailed investigations of postconcussive EEG activity. ^7 

We did not always see bradycardia with concussion, but in some 
animals we noted either no ch ange, an increase in heart rate, occasional 
arrhythmia or actual heart block. Concussion did, however, consistently 
induce an immediate inspiratory gasp followed bv a period of apnea, 
often lasting 1-2 minutes and requiring respiratory assistance in some 
instances. Respiration gradually recovered with irregular deep gasping, 
which steadily progressed to the respiratorv rate and rhythm of the pre- 
concussive state. 


Biochemical Studies 


With cerebral ischemia, glycogenolysis of brain glycogen ensues 
rapidly. To obviate changes in cerebral glycogen due to ischemia, 
it was necessary to rapidly freeze the brain. Moreover, the deeply 
situated midbrain will take some seconds to reach a core temperature 
less than 0 C. For this reason and because previous control studies on 
cerebral glvcogen phosphorylase and glycogen content had been per- 
formed in adult mice, correlative biochemical data are presented in 
this animal, a species in which more rapid freezing and preservation of 
in situ glycogen and phosphorylase activity after decapitation may be 
ensured. 

A single concussive episode did not produce significant change in 
brainstem glycogen content during a period of 7 days after concussion. 
Four regular concussive episodes over a period of 6 hours provided a 
suitable model for studying postconcussive alterations in glycogen and 
phosphorylase. Mean brainstem wet weight was 37.6 mg (N — 20). 
Statistical data is presented in Table 1 on the change in brainstem 
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glvcogen at 4, 7 and 11 days after experimental concussion. A significant 
iner ease above the control value of 40.6 + 6.5 ug/100 mg frozen wet 
weight was seen at all three postconcussive periods, with a maximal 
Vale of 75.5 + 3.8 ug/100 mg frozen wet weight at 7 days. 

Glycogen aah a in intact brain is predominantly in an in- 
active form but can be converted within seconds to an active form. 
The process of activation is dependent upon the presence of adenosine- 
5-phosphate (AMP). Inactivation and reactivation of the phosphorylase 
moiety was prevented by fluoride and EDTA, hence homogenization 
of the frozen brain was performed in a mixture of sodium fluoride and 
EDTA, thereby preventing interconversion that might have occurred 
vie the preparation of He homogenate prior to analvsis. The change 

| phosphorylase activity during the postconcussive period is sum- 
edes in Table 2. As can be seen, no significant change in total, 
activated phosphorylase activity in the presence of AMP is evident. 
Additionally, no significant change in the active component of the 
enzvmé'in the absence of AMP is noted. It is conceivable that the 
methods of brain quenching and preparation used are such as to pre- 
clude any measure of activation or inactivation of the normal “active” 
component of the total enzyme complex. In -— Breckenridge and 
Norman * have demonstrated the significance of freezing the brain 
in situ as compared with decapitation into liquid nitrogen. Their studies 
confirm that the phosphorvlase in cerebral cortex frozen in situ is pre- 
dominantlv in the inactive form, whereas that from mice decapitated 
into liquid nitrogen contains a much higher proportion of the active 
enzyme. The data do demonstrate that no significant change in the 
potential activitv of phosphorylase, expressed on a protein basis, is 
noted in the brainstem at any time after concussion, when increased 
amounts of glycogen have been documented (Table 1). 


Table 1— Effect of Experimental Concussion on Brainstem Glycogen* 





Glycogen (ug/100 mg frozen wet weight) 
Days postconcussion 


Control 4 7 ll 





40.6 + 6.5 54.4 + 3.14 75.5 + 3.81 56.7 4- 2.4 
(N = 7) (N = 5) (N (N = 4) 





* Mice were submitted to four concussive blows over a period of 6 hours. The brainstem 
was removed rapidly in the cold room after decapitation into liquid N.. Glycogen was deter- 
mined in KOH digests by the anthrone procedure after washing in MeOH-CHCI.. Values are 
means + SE. 

+ Means different from control at P « 0.01. 
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Table 2—Glycogen Phosphorylase of Brainstem After Concussion* 





Glycogen phosphorylase (umoles/min/100 mg protein) 


E Ptr 
aas. 


Control 1 4 7 
Fraction (N — 8) (N m3) (N = 4) (N = 3) 
"Active" fraction 11.2 Æ 0.7 10.7 + 1.8 11.5 + 1.1 10.5 + 1.6 
plus imM AMP 14.0 + 0.6 12.6 + 1.3 13.6 + 2.1 12.5 + 1.3 
96 “Active” fraction 80 84.9 84.5 84.0 





* Determined in mouse brainstem removed after rapid freezing of whole head in liquid 
nitrogen. Activities are expressed in presence and absence of 1 mM AMP. 


Discussion 


It has been proposed by many that concussion is the result of direct 
mechanical damage to the neurons of the brainstem and/or cerebral 
cortex, and the injury that occurs is secondary to a number of factors, 
including pressure gradients *^ and resultant. sheer forces,” rotation 
of the brain within the calvarium,?* cavitation,’ and general break- 
down of cell membranes or synaptic complexes. The real significance of 
all or any of these factors is not known at present. 

Since the descriptions by Windle, Groat and Fox !' "8° of altera- 
tions in neurons of the brainstem of the guinea pig seen after concus- 
sion, little has been added to the picture until recently when Friede 
and co-workers induced a variant of concussive injury in cats. ^^ Thev 
indicated that the chromatolvsis of neurons of the brainstem seen in 
the cat was due to interruption of ascending fibers in the mediocentral 
regions of the cervical spinal cord. The lesions described resulted from 
blows that accelerated a freely moving head in such a wav that maxi- 
mum energy of the blow was felt at the craniocervical junction during 
acute flexion. They surmised that the axonal injury and attendant 
chromatolvsis could be controlled bv the use of a collar that would 
restrict the movement of the head at the time of the blow. Thus, the 
syndrome of acceleration-concussion with its concomitant abolition of 
reflexes was proposed as the result of axonal injury and retrograde 
chromatolvsis.*" One feature of Friede's experiments that is convincing 
and seems to support such a concept is the tíme course of development 
of the concussion chromatolysis which closely paralleled that of retro- 
grade chromatolysis due to other injury. Our data neither confirms 
nor denies the role of the cervical component in the induction of the 
syndrome. 
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Reports concerning the electron microscopy of retrograde chromatol- 
vsis are few.'t*? An early feature is a dispersion of the rough-surfaced 
endoplasmic reticulum, an extensive detachment of ribonucleoprotein 
particles from the same membranes and dilatation of Golgi cisternae. 
Vesco and Giuditta ^ have quantitated such disaggregation of brain 
polvsomes which they induced by multiple convulsive episodes. Our 
studies have revealed certain alterations of axon terminals and presvnap- 
tic bulbs of the reticular formation, the most striking feature of which is 
the accumulation of large amounts of glycogen which is seemingly as- 
sociated with a decrease in synaptic vesicles from within the end bulb. 
Synaptic bars and other membranes nearby appeared undisturbed, al- 
though in several of these endings a series of loose encircling membranes 
Po numerous small masses of glycogen. 

Other changes suggestive of degenerative and increased catabolic 
activity include the formation of autophagic vacuoles, dilatation of 
membrane cisternae, and increased numbers of lysosome-like residual 
bodies. While no quantitative data on the type I granular vesicle popula- 
tion is available, our observations suggested the presence of increased 
numbers of these vesicles in synaptic end bulbs characterized by tubular 
or spherical agranular synaptic vesicles. Moreover, such type I vesicles 
were often associated with masses of On eerie glycogen. Similar 
masses of glycogen and numerous mitochondria have been described by 
Sotelo and Palav * in distal segments of dendrites of the lateral vestibu- 
lar nucleus. They have interpreted their findings as possibly indicating 
growing tips of dendrites in mature vestibular nucleus. While such pro- 
files were not found in our control material, the possibility exists that 
such characteristic dendrites may extend to the reticular formation from 
the lateral vestibular nucleus. 

The polysaccharide seen in our preparations was found in both den- 
drites and in axon terminals. The presence of clear spherical vesicles 
admixed with the glycogen helps to identify the axon terminal. The 
nature of the membranous structures enclosing particulate glycogen 
are compatible with cytolysosome and/or early autophagic vacuole 
formation, although similar formations revealed in the electron micro- 
graphs of the lateral vestibular nucleus suggest the possible transitional 
development from mitochondria.” 

The ultrastructural recognition of glycogen in the brain and its locali- 

zation within neurons, dendrites, synaptic structures and glial cells is 
doubtlessly related to perfusion fixation." The polysaccharide is 
quickly degraded and commonly missed in many biologic preparations. 
We found no glycogen in the neuron soma in either control or injured 
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obo sly cogen "M prm thé (t particle,” Md oneal anit aa 
referred to as a rosette, consisting of D particles, were abundant in the 
injured animals. 

No microchemical studies were performed within a 24-hour period 
after the concussive episode. Our studies failed to define the mechanism 
of the postconcussive accumulation of glycogen, as the microchemical 
data was gathered primarily to confirm the change in fine structure. A 

variety of pathologic conditions results in the accumulation of glycogen 
in the mammalian brain." The fundamental lesion underlying the 
mechanism for such accumulation in these various studies has not been 
defined. Two aspects of this problem, however, may be considered. 
Firstly, what changes in metabolic pathways occur during the increased 
accumulation of glvcogen and, secondly, why does glvcogen preferen- 
tially accumulate in astroglia? 

From studies of glycogen accumulation occurring after stab wounds, 
ionizing radiation or hy 'poxic injury, it was considered by Ibrahim et al *? 
that in addition to an inhibition of anaerobic glvcolvsis, there may also 
occur an increase in glycogenesis. We would like to suggest a possible 
mechanism for the postconcussive accumulation of glycogen that is 
based upon this concept. The concussive episode is accompanied by : 
massive neuronal stimulation with diffuse generalized total cubi 
depolarization. This leads to electrical quiescence of the cortex and pre- 
sumably deeper neuronal centers which we and others have found. 
Such a period is of variable length, depending upon the magnitude of 
the concussive insult. However, the phase of repolarization, character- 
ized bv rapid extrusion of Na* P om dendrites depends upon the high- 
energy phosphate reserve, and because of the magnitude of the depolar- 
ization it is expected that dendrite energy reserve is rapidly depleted. 
After a variable period of time, the neuronal membrane returns to its 
state of polarization. However, during this period, abnormal amounts of 
sodium ions have been extr uded into the interstitial clefts and are prob- 
ably removed from the cleft space by the closely adjacent astroglial 
compartment. In this way, the astroglial potassium is diluted and astro- 
glial swelling occurs. The astrocyte thus acts as a spatial buffer for 
cations present in the intercellular clefts, which in this case, because of 
the massive recovery from depolarization, will contain predominantly 
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sodium. Hence, the normal high potassium content of the astroglial 
cytoplasm ?' is diluted by an increased concentration of Na*. Anaerobic 
and aerobic glycolysis is dependent upon an adequate concentration of 
K^; increasing [K *] or omitting Ca** from media in which cerebral cor- 
tex slices are incubated, increases their rate of aerobic glycolysis. >" 
Takagaki " has concluded that pyruvate kinase ( phosphoenolypyruvate 
kinase) is a rate-limiting step in aerobic lactate formation and that K* 
and Ca** change the overall rate of aerobic glycolvsis directly through 
their effects upon pyruvate kinase activity. Moreover, Na* is inhibitor y 
to pyruvate kinase." Hence, in the presence of increased [Nat], de- 
creased [K^] and increased [Ca** ], a significant inhibition of aerobic 
glycolysis will occur, with commensurately decreased pyruvate concen- 
tration and increased phosphoenolpyruvate levels and subsequent in- 
crease in Krebs cycle intermediates. The decreased formation of 
pyruvate will limit the utilization of intermediates of the tricarboxylic 
acid cycle in oxidative phosphorylation as the primary energy source for 
ATP production. 

The failure to demonstrate changes in phosphorylase does not pre- 
clude a possible variation in phosphorvlase content in situ. Further 
studies utilizing more critical freezing technics of tissues to determine 
phosphorylase-b and phosphorylase-a. activities are necessary to eluci- 
date this apparent paradox. Additionally, increased glycogen content 
may result from increased synthetase activity in the absence of altera- 
tions in the action of the catabolic pathway. Biochemical data does not 
permit a choice between mechanisms at this point. 
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| Hlustrations follow | 


Fig 1—-Large-size neuron of nucleus 
giganto cellularis with adjacent astro- 
cyte and oligodendrogliacyte. Note 
maze of variably sized myelinated 
and nonmyelinated axons in the sur- 
round. Gray masses of Nissl sub- 
stance are evident in perikaryon of 
the neuron (Epon, toluidine blue, 
x 1000). 


Fig 2—Large and intermediate-size 
neurons of nucleus giganto cellularis 
with Nissi substance partially dis- 
persed from vicinity of the nucleus. 
Surrounding neuropil reveals myeli- 
nated axons and scattered dendrites 
or nonmyelinated axons (Epon, tol- 
uidine blue, x 1000). 








Fig 3—Cytoplasm and nucleus of large neuron from nucleus giganto cellularis of 
control guinea pig. Note distribution of Golgi membranes (g) in a rough arc in a 
paranuclear distribution, normal contour and density of mitochondria, several 


lysosomes and segments of rough endo 


plasmic reticulum at lower right of picture 
(uranium and lead stains, x 13,500). 





Fig 4—Two presynaptic bulbs and clefts on large dendrite (d) in contro! n. giganto cel- 
lularis. Glycogen is not prominent. One of the two bulbs (s) contain spherical synaptic 
vesicles 400—530À in diameter. These knobs are Type | synapses. The unmarked bulb is 
filled with tubular, ellipsoidal synaptic vesicles. Two Type I granular vesicles are also seen 
(V) (uranium and lead stains, x 54,000). 





Fig 5—Longitudinal section of a large dendrite which contains numerous micro- 
tubules. Several Type Il synapses are shown on the dendrite (a,b,c). Spherical 
vesicle profiles may be noted crowded against the synaptic bars (uranium and lead 
stains, x 65,900). 





Fig 6— Segment of large neuron cytoplasm from reticular formation which has 
undergone chromatolysis. Note strands of endoplasmic reticulum (Y) and loose 
scattered RNP particles. There is no change in the mitochondria nor is glycogen 
seen. Fascicles of slender neurofibrillae (nf) are clearly apparent. Two blunt 
somatic spines are noted (A,B) partially encompassed by irregularly shaped pre- 
synaptic endings filled with ellipsoidal synaptic vesicles. An abnormal increase in 
the intercellular space is evident but no increase in width of the synaptic cleft. 
At the neck of each spine coated vesicles may be noted. These relationships are 
more easily studied in the inset (uranium and lead stains, x 40,000; inset x 


53,000). 





Fig 7—Distorted Golgi apparatus in chromatolytic neuron with greatly 
dilated cisternae. Small scattered segments of endoplasmic reticulum, 
some with attached RNP particles, are noted but other ribosomal particles 
are free (uranium and lead stains, x 40,000). 





Fig 8—Presynaptic bulb from reticular formation 8 days postconcussion. Note 
dense-cored Type | granular vesicles, (C) scattered glycogen masses (8 
particles) (gl) and spherical synaptic vesicles (SV). The synaptic bar (SB) in 
upper field abuts a segment of dendrite (uranium and lead stains, x 40,000). 





Fig 9—Axon terminal showing large rosette masses of glycogen (a particles) 
(gl) and numerous mitochondria. Very few synaptic vesicles are noted. Synaptic 
bars and membranes not seen in picture (uranium and lead stains, x 40,000). 





Fig 10—Cross section of dendrite (d). Adjacent presynaptic input reveals: (1) 
glycogen-filled presynaptic terminal with rare spherical vesicles. A conspicuous 
multilamellar autophagic vacuole containing glycogen 8 particles is noted. Opposite 


is a normal-appearing (2) spherical vesicle-laden presynaptic terminal (uranium 
and lead stains, x 43,000). 





Fig 11—A large roughly spherical presynaptic bulb characterized by spherical 
agranular synaptic vesicles, large numbers of type | granular vesicles and densely 
staining residual lysosome-like bodies (uranium and lead stains, X 41,000). 


Peroxidase Arthritis 


I. An Immunologically Mediated Inflammatory Response 
with Ultrastructural Cytochemical Localization of 
Antigen and Specific Antibody. 


Richard C. Graham, Jr, MD and Sarajayne Limpert Shannon 


Synovitis was produced in rabbits by daily intra-articular injections of the heter- 
ologous antigen horseradish peroxidase. The resulting "peroxidase arthritis" re- 
sembled rheumatoid arthritis histologically. Many of the subsynovial plasma cells, 
plasmablasts and immunoblasts contained specific antibody to horseradish perox- 
idase; the remainder appeared to contain immunoglobulins of other specificities. 
Peroxidase arthritis has unique advantages for the study of the cellular and sub- 
cellular events in the pathogenesis of the local immune inflammatory response 
to heterologous antigen. Antigen and specific antibody can be localized precisely 
by ultrastructural cytochemical technics. The reaction can be terminated at any 
stage, permitting observation of the early events in its pathogenesis. (Am J Pathol 
67:69—94, 1972) 


THERE IS MUCH EVIDENCE suggesting that immunologic mech- 
anisms are involved in the pathogenesis of rheumatoid arthritis. Im- 
munoglobulins, complement? and extranuclear nucleoprotein? have 
been identified bv immunofluorescence in rheumatoid synovial mem- 
branes. Complement levels are reduced in rheumatoid synovial fluids * 
and rheumatoid synovial fluid leukocytes contain characteristic cyto- 
plasmic inclusions in which immunoglo! sulins, complement and nucleo- 
protein have been identified.**° Finally, rheumatoid arthritis frequently 
is accompanied by the presence of rheumatoid factor, a macr oglobulin 
with antibody specificity toward IgC.* 

The antigenic stimulus for the immunologic phenomena accompany- 
ing rheumatoid arthritis is unknown. Accumulating evidence suggests 
that an infectious agent may be involved.*'" It has been suggested that 
the pathogenesis of rheumatoid inflammation might depend on the host 
immunologic response to such a microbial antigen. C hronicity could be 
explained either by persistence of the heter olor antigen ë or by an 
autoimmune [C aeHon to antigens made available by the initial inflamma- 
tory r esponse.'' 
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In the studies described in this series of reports, repeated intra-articu- 
lar injections of antigen were employed to study the synovial response 
to prolonged local antigenic stimulation. In the resulting synovitis, 
which resembles rheumatoid arthritis histologically, local antibody syn- 
thesis occurs within the synovial inflammatory infiltrate. When the anti- 
gen used is horseradish peroxidase (HRPO), both antigen '* and specific 
antibody '? can be localized precisely by ultrastructural cytochemical 
technics. In this report, the general morphologic and immunologic char- 
acteristics of "peroxidase arthritis" are described. 


Materials and Methods 


Procedure and Injection Schedules 


Nineteen female albino rabbits were used in the following procedures. All 
animals were anesthetized by titration with sodium thiamylal (Parke-Davis, 
Detroit, Mich) and both knees were shaved and cleaned with 70% ethanol. In 
fourteen rabbits, the knees were injected intraarticularly with 2 mg horseradish 
peroxidase (HRPO) (Sigma Chemical Company, Type VI, RZ 3.0) in 0.5 ml 
0.15 M NaCl. The left knees were injected with 0.5 ml of a 1:30 dilution of 
autologous serum in 0.15 M NaCl. In the remaining 5 rabbits, both right and 
left knees were injected with 2 mg HRPO in 0.5 ml 0.15 M NaCl. All solutions 
were sterilized by Millipore filtration prior to injection. In early experiments, a 
variety of dosages and intervals between injection were used. It was found that 
daily injections using 2 mg per knee produced the desired reaction most con- 
sistently (see Table 1). 

Two rabbits were given 14 daily intra-articular injections of 2 mg bovine serum 
albumin (BSA) in 0.5 ml 0.15 M NaCl. Procedures were otherwise identical to 
those described for the HRPO-injected rabbits. 

All rabbits were sacrificed by an overdose of sodium thiamylal 24 hours after 
the last injection of HRPO. Both of the knee joints, spleens, popliteal lymph 
nodes and kidneys were removed. All tissues were fixed for 4 hours in 2.5% 
glutaraldehyde and 2% formaldehyde in 0.05 M phosphate buffer, pH 7.4.14 The 
tissues were washed overnight in 0.05 M phosphate buffer, pH 7.4. 


Localization of Antigen (HRPO) and Antibody (anti-HRPO) 


The fixed synovial membrane and underlying tissue was carefully removed 
from the connective tíssue medial and lateral to the patella and cut into strips 
approximately 1 mm in thickness. These tissues were divided into two portions. 

One portion was incubated according to the method described bv Graham and 
Karnovsky !? for the detection of peroxidase activity. The tissues were preincu- 
bated in 5 mg of 3,3'-diaminobenzidine (Sigma Chemical Co, St Louis) in 10 
ml of 0.05 M Tris-HCl buffer, pH 7.4, for 25 minutes prior to the addition of 
0.1 ml 1% H,O. The tissues were incubated in the complete medium for 10-15 
minutes. They then were washed three times in distilled water. 

The other portion of tissue was treated according to the method of Leduc 
et al!? for the detection of anti-HRPO activity. Both whole-tissue strips and 
40-4 frozen sections were gently agitated in 5-10 ml of 0.05 M phosphate buffer, 
pH 7.4, containing 0.5 mg/ml HRPO (type VI) for 2 hours at 4 C. They then 
were washed and refixed in 2.5% glutaraldehyde in 0.05 M phosphate buffer, 
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Table |--Injection Schedules, Serum Antibody Titers and Intensity of Reaction in Rabbits 
Studied 


Dose of HRPO Knee Duration Serum Antibody{ Intensity of 
Rabbit (mg/injection) injected* interval? (days) PHA precipitin reactions 
I-A 1 R 2 18 320 2 + 
IB 1 R 2 18 320 0 -+ 
H-A 1 R 4 18 320 0 -+ 
H-B 1 R 4 18 40 0 -+ 
HI-A 1 R 6 18 160 0 -+ 
HEB 1 R 6 18 40 0 + 
V-A 2 R 1 19 1280 8 3+ 
V-B 2 R 1 19 640 2 
VI-B 1 R 1 15 320 Undil 24- 
VI-C 1 R 1 15 320 4 2+ 
B-8 1 R 1 12 80 0 e 
VI-A 2 R 1 35 5120 8 44- 
VII-B 2 R 1 35 1280 A 3+ 
VIIH-A à B 1 15 1280 4 3+ 
IX-A 2 B 1 9 40 0 24- 
IX-B à B 1 9 20 0 2+ 
12 2 B 1 15 320 3+ 
16 "à B 1 37 10240 8 å+ 
1-F{ 163840 16 


* R, right knee; B, both knees. 

t 1, daily; 2, every other day; 4, every fourth day; 6, every sixth day. 

t Reciprocal of titer. PHA, passive hemagglutination 

§ Intensity of reaction is expressed in arbitrary units with 4+ representing maximal 
intensity. 

Il Reference serum from animal immunized with HRPO in complete Freund’s adjuvant 
in conventional manner. 


pH 7.4, for 15 minutes. T hey were washed again in buffer before incubation for 
peroxidase activity, as described above, for 30 minutes. Incubation was followed 
by three washes in distilled water. 

Both portions of tissue were additionally fixed in 1% OsO, in 0.05 M phosphate 
buffer, pH 7.4, for 1 hour, washed in 0.1 M sodium maleate buffer, pH 5.2. 
and stained with 2% uranyl acetate in 0.05 M sodium maleate buffer, pH 5.2, 
for 2 hours. After this, the tissues were dehydrated in ethanol and embedded in 
Araldite. Thick sections (0.5-1 u) were cut, stained with toluidine blue and 
examined by light microscopy to determine appropriate areas for thin sectioning. 
Thin sections were cut with glass knives on Sorvall MT-1 or MT-2 ultramicrotomes, 
stained with uranyl acetate and lead citrate and examined in an AEI EM-6B 
electron microscope. 


Light Microscopy 


Articular cartilage and adjacent synovial tissue from the knee joints of rabbits 
receiving daily HRPO injections for 35 or 37 days were taken and fixed in 2,5% 
glutaraldehyde and 2% formaldehyde in 0.05 M phosphate buffer, pH 7.4, over- 
night. The tissues were washed for several hours, dehydrated and embedded in 
paraffin. Sections were cut and stained with hematoxylin and eosin (H&E). 
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Synovial fluids from the knee joints of all rabbits were aspirated into heparinized 
plastic syringes. Smears were made directly from the syringe to achieve maximum 
preservation of the cells. The smears were stained with tetrachrome. 


Serologic Studies 


Both the passive hemagglutination test and Ouchterlony precipitin test were 
used for the detection of circulating antibody. For use in the passive hemagglutina- 
tion test, HRPO was coupled to fresh sheep erythrocytes. with glutaraldehyde 
according to the method of Avrameas et al.!5 Passive hemagglutination tests were 
carried out in 100 x 75 mm glass test tubes by a standard technic. 

Serial dilutions of sera were assayed for precipitating antibodies by double 
diffusion in agar gel according to the standard Ouchterlony technic. 

“Enzyme immunoelectrophoresis" 17 was carried out on sera from 5 different 
animals. Standard immunoelectrophoretic patterns were developed in agarose gel 
with goat anti-rabbit whole serum (kindly supplied by Dr. Abram Stavitsky). 
Slides were then washed at room temperature for 3 days in 0.15 M phosphate- 
buffered saline, pH 7.2, before incubation overnight at room temperature in a 
solution of 0.1 mg HRPO/nl in phosphate-buffered saline. The slides were then 
washed for 5 days at 4 C in repeated changes of 0.15 M NaCl to remove 
unprecipitated HRPO. Finally, they were reacted by the Graham-Karnovsky 
technic (see above) to reveal sites of peroxidase activity. 


Results 
Controls 

Joints receiving 12 to 35 daily injections of diluted autologous serum 
appeared entirely normal upon both gross and microscopic examination 
( Fig 1). No peroxidase activity was detectable in these tissues. 


Peroxidase Arthritis 
Gross Observations 


After 12-16 Daily HRPO Injections. The external appearance of the 
joints was not striking. In most rabbits, external evidence of mild swell- 
ing of joints was evident. Upon opening the joints, the synovial tissue 
appeared markedly thickened and hyperemic. The articular cartilages 
showed no apparent abnormality. The synovial fluid, which was in- 
creased in amount, was turbid and quite viscous. 

After 35 or 37 Daily Injections of HRPO. The joints were markedly 
swollen. The appearance of the synovial tissue was similar to that de- 
scribed above, except that synovial thickening was much more marked. 
Inflamed synovial tissue partially obscured the surface of the articular 
cartilages. The synovial fluid resembled that seen after the shorter series 
of injections, except that it was present in larger amounts. 


Cellular Composition of Synovial Fluid 
Examination of tetrachrome-stained smears of synovial fluid by light 


Vol. 67, No. 1 PEROXIDASE ARTHRITIS 73 
April 1972 


microscopy revealed the cellular composition to be similar after 12-37 
daily HRPO injections. Of the cells, 75% or more were polymorpho- 
nuclear leukocytes. The remainder included lymphocytes, macrophages 
and cells that appeared to be detached synovial cells. 


Light and Electron Microscopic Histopathology 

After 12-16 Daily HRPO Injections. The histologic appearance of 
the inflamed synovial tissue was qualitatively similar in all rabbits ex- 
amined. The magnitude of the reaction varied somewhat from animal to 
animal, tending to be greater in those rabbits given 2 mg HRPO in each 
daily injection, and in those injected with HRPO in both knees ( Table 
1). Within a given joint, the magnitude of the reaction varied consid- 
erably in synovial tissues taken from different areas of the joint. 

The synovial lining cells were increased in number, with the lining 
layer varying from two to five cells in thickness (Fig 2). Most of the 
synovial lining cells were highly irregular in shape. Their surfaces dis- 
played an extensive and complex network of pseudopods, which was 
most prominent on the aspect of the cell facing the synovial cavity. 
Mitotic figures frequently were observed (Fig 3). When viewed by 
light microscopy, numerous brown granules of reaction product were 
seen in the cytoplasm of most of the synovial lining cells. A few of the 
synovial cells contained only scattered granules of reaction product. 
When examined by electron microscopy, the majority of the synovial 
cells were seen to contain numerous cytoplasmic vacuoles, many of 
which contained peroxidatic reaction product (Fig 3). Other vacuoles 
enclosed ferritin, cellular debris or entire dead and degenerating cells 
(Fig 4). In a small minority of synovial lining cells, there were few 
scattered small vacuoles containing reaction product, and the cell sur- 
face displayed fewer and less complex pseudopods. Rough-surfaced en- 
doplasmic reticulum was abundant in these cells (Fig 5). Occasional 
lymphocytes, plasma cells and polymorphonuclear leukocytes were seen 
within the synovial lining layer. F ibrin frequently was present in the in- 
tercellular spaces between the synovial lining cells. 

The subsynovial tissues were infiltrated with a variable number of 
inflammatory cells. In many areas, this infiltrate was quite extensive, 
with the involved tissue being 1 mm or more in thickness. The infiltrate 
was composed of numerous plasma cells, lymphoid cells and macro- 
phages, moderate numbers of fibroblasts and polymorphonuclear leuko- 
cytes and occasional eosinophils (Fig 2). 

Electron microscopy revealed the majority of the plasma cells to be 
typical mature plasma cells, with numerous, regularly spaced stacks of 
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rough-surfaced endoplasmic reticulum (Fig 6). The nuclei were round 
and eccentrically placed, with peripheral condensations of chromatin. 
Smaller numbers of plasmablasts, distinguished bv their prominent 
nucleoli and the less regular orientation of their rough-surfaced endo- 
plasmic reticulum, were observed. Plasmablasts in mitosis occasionally 
were seen. 

A spectrum of lymphoid cells was present (F ig 7 and 8). Some were 
typical small lymphocytes, with condensed nuclear chromatin and scant 
cytoplasm containing few organelles. Others had more abundant cyto- 
plasm containing variable numbers of free polyribosomes (Fig 8). Still 
others had less condensed nuclear chromatin and numerous free poly- 
ribosomes in their cytoplasm (Fig 8). Such cells have been referred to 
by others as “activated” lymphocytes.'* Moderate numbers of “immuno- 
blasts” were observed. The nuclei of these cells had prominent nucleoli 
and highly dispersed chromatin, and the cytoplasm contained abundant 
free polyribosomes and a few profiles of rough-surfaced endoplasmic 
reticulum (Fig 8 and 9). Such cells frequently were seen in mitosis 
(Fig 10). 

The plasma cells and lymphoid cells often were aggregated in clusters, 
and were more numerous in the deeper part of the infiltrate. The clus- 
ters, which frequently were found near venules, varied in their cellular 
composition. In some, lymphoid cells predominated (Fig 7), Others 
were composed mainly of plasma cells ( Fig 6). In still others, a mixture 
of plasma cells and lymphoid cells was observed. 

Plasma cells and lymphoid cells were closelv associated with each 
other and with macrophages. These cellular interrelationships, which 
were quite varied and complex, will be described in detail in a subse- 
quent paper. 

Polymorphonuclear leukocytes most often were seen in the superficial 
part of the infiltrate, immediately beneath the synovial lining cells. Mac- 
rophages and fibroblasts were found throughout the infiltrate. 

Striking alterations were seen in the larger venules situated in the 
deeper subsynovial tissue, and in some of the smaller superficial vessels 
as well. The endothelial cells, which were increased in number, bulged 
into the vascular lumen, giving the endothelium a pseudocolumnar ap- 
pearance. Such vessels were the site of emigration of lymphoid cells, 
monocytes and polymorphonuclear leukocytes. Fenestrated capillaries 
rarely were observed in the fully developed arthritis. The development 
of these changes, as well as the mechanism of cellular emigration, will 
be described in detail in a subsequent communication. 

After 35-37 Daily Injections of HRPO. The appearance of the syn- 
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ovial tissue was qualitatively similar to that observed after the shorter 
series of injections. The cellular infiltrate, however, was much more 
extensive. Examination of paraffin sections stained with hematoxylin 
and eosin revealed necrosis of cartilage at sites of contiguity with the 
inflammatory infiltrate ( Fig 11). 

Electron microscopy showed that the svnovial cells, which were 
greatly increased in number, had numerous cvtoplasmic vacuoles vari- 
ously containing HRPO, cellular debris, ferritin or lipid ( Fig 12). Lvm- 
phoid cells and occasional polymorphonuclear leukocytes were found 
among the synovial cells. 

The subsynov ial infiltrate contained more cells per unit area than was 
the case after shorter series of injections ( Fig 13 and 14). The cellular 
composition of the infiltrate resembled that observed after fewer injec- 
tions. Mature and immature plasma cells, lymphoblasts and the various 
tvpes of lymphocytes all still were present. Fibroblasts were numerous 
among bundles of collagen which apparently were newly formed (Fig 
15). Scattered throughout the infiltrate were many macrophages, the 
cytoplasmic vacuoles of which variously contained HRPO, ferritin, cell- 
ular debris or lipid ( Fig 16). In some of the macrophages, lipid-contain- 
ing vacuoles were strikingly numerous. Extensive fibrin deposition was 
observed both in the synovial lining laver and in the subsynovial tissue 
(Fig 12). The great majority of the small blood vessels were of the 
pseudocolumnar type described above. Fenestrated capillaries rarely 
were seen. 


Cytochemical Demonstration of Specific Antiperoxidase Antibody 


Study of synovial tissue from rabbits receiving 12-37 daily intra-artic- 
ular injections of HRPO revealed similar findings, and these will be 
reported together. The method used was that of Leduc and her associ- 
ates, in which aldehvde-fixed tissue is incubated with antigen 
(HRPO). The HRPO, which binds to anti-HRPO in antibodv-synthesiz- 
ing cells, serves as a cytochemical marker indicating the location of the 
antibodv. In peroxidase arthritis, many but not all of the plasma cells 
and plasmablasts contained anti-HRPO in the rough-surfaced endo- 
plasmic reticulum (Fig 17). In some of the plasma cells and all of the 
plasmablasts with anti- HRPO activity, this activity was localized in the 
perinuclear space as well (Fig 17 and 18). Some of the immunoblasts 
had anti-HRPO activity in the perinuclear space and in scattered pro- 
files of rough- surfaced endoplasmic reticulum (Fig 19). Specific anti- 
body was observed both in blasts undergoing mitosis and in those that 
were not (Fig 19). Both cells with (Fig 20) and without anti-HRPO 
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activity were observed in association with macrophages. Differentiation 
of plasma cells from lvmphoplasmacytes, recently described by Avra- 
meas and Leduc," was not possible since we did not study tissues fixed 
only in formaldehyde. | 

The presence of plasma cells without antiperoxidase antibody was un- 
likely to have been an artifact caused by poor penetration of HRPO 
during the Leduc procedure, or by poor penetration of the cytochemical 
reagents. Plasma cells without specific antibody frequently were seen at 
the very edge of the tissue strip. Such cells also were seen immediate ly 
adjacent to plasma cells that unequivocally had specific antibody. 
Finallv, when frozen sections were used, penetration appeared essen- 
tially complete, and cells with and without antiperoxidase activity were 
found throughout the entire thickness of the tissue. 


Detection of Antiperoxidase Antibody in Serum 

Specific antibody was detectable both by double diffusion in agar and 
by passive hemagglutination as shown in Table I. Titers varied from 
animal to animal, and were higher in rabbits receiving larger doses of 
HRPO in each injection, and in those receiving the greatest number of 
injections (see Table 1). The titers obtained were considerably lower 
than those obtained in rabbits immunized with HRPO in complete 
Freund's adjuvant by conventional technics (Table 1). 


immunoglobulin Classes of Serum Antiperoxidase Antibody 


Sera were analyzed by the enzyme immunoelectrophoresis technic 
described by Avrameas and Leduc. This method depends upon the 
ability of specific antiperoxidase antibody in the immunoglobulin pre- 
cipitin lines to bind HRPO. The bound HRPO is identified by the 
peroxidatic oxidation of 3,3’-diaminobenzidine, which stains the rele- 
vant precipitin lines brown. 

In sera from rabbits given 16 daily intra-articular injections of HRPO, 
anti-HRPO activity was detectable in both IgG and IgM precipitin lines 
(Fig 21). Sera from rabbits given 35 or 37 daily HRPO injections had 
detectable anti-HRPO activity only in the IgG precipitin line (Fig 21). 


Effect of Repeated Intra-Articular Injection of Bovine Serum Albumin (BSA) 


Rabbits receiving 14 dailv intra-articular injections of BSA dev ‘eloped 
an arthritis similar to that evoked by an equivalent number of HRPO 
injections. Study by both light and electron microscopy revealed no im- 
portant morphologic differences between the reactions evoked by the 
two antigens, although that elicited by BSA was somewhat greater in 
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magnitude. No antiper oxidase antibody was found in plasma cells or 
lymphoid cells in BSA arthritis when studied by the Leduc technic. 
Sera from the rabbits with BSA arthritis contained precipitating anti- 
body against BSA when assayed by double diffusion in agar. 


Discussion 

Peroxidase arthritis presents unique opportunities for the study of the 
synovial inflammatory response to repeated local antigenic stimulation. 
Its most important adv antage is that antigen and specific antibody can 
be localized precisely by electron microscopv. In addition, with a given 
dose of wird and number of injections, the changes produced are 
reproducible, so that the development of the reaction can be studied 
easily at any stage. Although giving repeated intra-articular injections to 

rabbits perhaps is somewhat inconvenient, with experience the injec- 
tions can be done easily and quickly. Moreover, autologous serum con- 
trols have established that the trauma of repeated injection per se causes 
no significant change in the svnovial tissues. 

Despite the unique methodologic advantages of the peroxidase arthri- 

tis model, its ultimate value depends upon the relevance of observations 
made with it to the pathogenesis of human disease. In this regard, the 
morphologic and immunologic similarities between the svnov itis of 
rheumatoid arthritis and that of peroxidase arthritis are of some interest. 
Whether these similarities reflect similar pathogenic mechanisms is, of 
course, as vet unknown. The histopathologic changes in the human 
rheumatoid synovial membrane have been well described at both the 
light 1*7 and electron ?'? microscopic levels. There is proliferation of 
synovial lining cells, accompanied by subsynovial infiltration with lym- 
phocy tes, plasma cells, macrophages, fibr oblasts and a few poly morpho- 
nuclear leukocytes. The cells of the subsynovial infiltrate frequently are 
found in focal aggregates resembling lymphoid follicles. As the disease 
progresses, inflammatory tissue frequently encroaches on adjacent carti- 
lage and bone, resulting in necrosis of these tissues. 

On purely morphologic grounds, the similarities between peroxidase 
arthritis and rheumatoid arthritis are striking. In both, the proliferation 
of synovial lining cells is accompanied by greatly augmented synovial 
endocy tic activity. In peroxidase ar thritis, synovial endocvtosis of large 
quantities of specific antigen occurs; whether a similar phenomenon 
occurs in rheumatoid arthritis of course must await the identification of 
a specific etiologic agent. 

The cellular populations of the subsvnovial infiltrates in peroxidase 
arthritis and rheumatoid arthritis are quite similar. Although in peroxi- 
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dase arthritis there is a definite tendency for the cells to aggregate in 
follicle-like clusters, the process in general is more diffuse than usually 
is observed in rheumatoid arthritis. This difference perhaps reflects the 
greater duration of the usual rheumatoid process before histologic exam- 
ination is carried out. Like rheumatoid arthritis, peroxidase arthritis is 
associated with necrosis of cartilage if the reaction is sufficiently pro- 
longed. 

In both peroxidase arthritis and rheumatoid arthritis, polymorpho- 
nuclear leukocytes make up but a small percentage of the inflammatory 
infiltrate. In contrast, they are abundant in the synovial fluid. The reason 
for this discrepancy is not entirely clear. Presumably, the polymorpho- 
nuclear leukocvtes, after emigrating from subsynovial blood vessels, 
migrate quite rapidly through the synovial membrane into the svnovial 
cavity. Rapid migration of these cells in the same direction could reflect 
the presence of a chemotactic stimulus. Possibly, chemotactic factors are 
released in the synovial fluid through the activation of complement by 
antigen-antibody complexes. 

The endothelial changes and associated interactions of lymphocytes 
with endothelium that occur in peroxidase arthritis are quite complex 
and will be discussed in detail in a subsequent paper. Whether signifi- 
cant endothelial changes occur in rheumatoid arthritis is disputed.” 
However, rheumatoid synovial tissues must be studied when they have 
reached a relatively more advanced stage than the peroxidase arthritis 
lesions. In this respect, it is of interest that in peroxidase arthritis the 
endothelial changes reach their peak at 12-16 davs and then recede, 
despite continued intensification of the inflammatory response. 

Synthesis of immunoglobulins by cells in the svnovial inflammatory 
infiltrate occurs in both rheumatoid arthritis and peroxidase arthritis. 
With the exception of rheumatoid factor, the antibody specificity of the 
immunoglobulins produced in the rheumatoid synovial membrane is 
unknown. In peroxidase arthritis, some of the synovial immunocytes 
have been shown to produce anti-HRPO. It is likely, however, that im- 
munoglobulins of other specificities are produced as well, since many 
of the subsynovial plasma cells are without anti-HRPO activity when 
examined with the Leduc technic. The nature of the immunoglobulins 
produced by these cells is as yet unknown. The interesting possibility 
that at least some of them may produce autoantibodies is being investi- 
gated in our laboratory. 

There has been much interest in the possibilitv that an infectious 
agent may provide the initial antigenic stimulus in rheumatoid arthritis." 
It has been shown that membranes of Mycoplasma fermentans inhibited 
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leukocyte migration in 67% of patients with rheumatoid arthritis, but had 
no effect in patients with osteoarthritis or normal controls." It is of 
interest that certain species of Mycoplasma cause an arthritis in swine 
that resembles rheumatoid arthritis both histologically and serologic- 
ally.” Further evidence in support of the presence of an infectious 
agent in rheumatoid arthritis has come from the demonstration that a 
slurry from rheumatoid synovial tissue causes swelling and reddenin g of 
extremities when injected into mice.” These changes were transmissible 
to the second and third generations of mice without further injection. 

The peroxidase arthritis reaction provides a model of a synovial 
immune inflammatory reaction in response to prolonged stimulation 
by a heterologous antigen. Comparison with a response to an infectious 
agent obviouslv is inexact; the response to a soluble protein antigen 
may differ from the response to a microbial antigen, which probably 
is membrane bound. Moreover, the intermittent introduction of antigen 
can only approximate the stimulus presented bv a persistent micro- 
organism, to which the host presumably is continuously exposed. Never- 
theless, it seems quite possible that the approximation provided by 
the model is close enough that in the svnovial tissue the mechanisms 
of response are similar. 

Experimental arthritis in animals has been produced in numerous 
ways. The literature before 1960 has been reviewed well by Gardner.” 
Subsequent interesting models include adjuvant arthritis, produced by 
the intradermal injection of complete Freund's adjuvant in certain 
strains of rats. "S". Histologically, the arthritis somewhat resembles 
rheumatoid arthritis and in some rats becomes chronic and is char- 
acterized by exacerbations and remissions. Its pathogenesis is uncer- 
tain, but may involve an immunologic response to mycobacterial anti- 
gens. Another interesting form of experimental arthritis has been 
produced by immunizing rabbits with heterologous fibrin in Freund’s 
adjuvant, followed by injection of fibrin into a joint.” The resulting 
arthritis resembles rheumatoid arthritis histologically in some respects, 
and mav persist for months without further injection of antigen. Other 
antigenic proteins can substitute for fibrin in this model! It has been 
suggested that persistence of inflammation in this model depends upon 
an autoimmune reaction to products of the initial immune inflammatory 
response. 

Peroxidase arthritis lacks the prominent systemic manifestations and 
the chronicity characteristic of rheumatoid arthritis, and for the study 
of these aspects, another of the models would seem more appropriate. 
Further, for quantitative studies in which a large sample is required, 
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such as evaluation of anti-inflammatory or immunosuppressive drugs, 
one of the other models would be more practical. On the other hand, 
peroxidase arthritis appears to have unique advantages for the study 
of the cellular and subcellular events in the pathogenesis of this type 
of immune inflammatory response. Antigen and antibody can be lo- 
calized by both light and electron microscopy, and the reaction can 
be controlled so that any stage of its development can be readily 
studied. Morphologic information obtained can be correlated with the 
results of conventional immunologic technics. 
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Legends for Figures 


Fig 1—Synovial membrane from rabbit control knee joint given 35 daily injections 
of diluted autologous serum. The synovial lining cells (arrow) are normal in number 
and appearance. No inflammatory cells are seen around the small blood vessel or 
elsewhere in the subsynovial connective tissues. Two fat cells (F) are present (light 
micrograph, toluidine blue, x 300). 


Fig 2—Synovial membrane and subsynovial infiltrate from rabbit given 16 daily 
injections of HRPO. The number of synovial lining cells (arrow) is increased. The 
subsynovial connective tissue contains many macrophages, plasma cells, lympho- 
cytes and fibroblasts (light micrograph, toluidine blue, x 440). 


Fig 3—Synovial cell from a rabbit receiving 15 daily injections of HRPO. Numerous 
cell processes and pseudopods are seen extending from the plasma membrane. Many 
vesicles and vacuoles containing reaction product are present in the cytoplasm. The 
clumped nuclear chromatin and incomplete nuclear membrane suggest the cell is in 
an early phase of mitosis (electron micrograph, x 9000). 


Fig 4—Synovial lining cell from rabbit receiving 12 daily HRPO injections. The large 
cytoplasmic vacuole contains the remains of a degenerating cell. Two smaller vacuoles 
contain electron-opaque peroxidatic reaction product (electron micrograph, = 16,000). 
















Fig 5—Synovial lining cell from rabbit receiv- 
ing 16 daily HRPO injections. In contrast to 
the majority of synovial cells, this cell con- 
tains only a few cytoplasmic vesicles and 
vacuoles, and abundant rough-surfaced endo- 
plasmic reticulum. Peroxidatic reaction prod- 
uct, which is abundant outside the cell 
(double arrows), is seen only in occasional 
small vesicles (single arrow) within the cell 
(electron micrograph, x 20,000). 
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Fig 6—Portion of subsynovial infiltrate from rabbit given 16 daily HRPO injections. Mature 
plasma cells contained typical stacks of rough-surfaced endoplasmic reticulum and peri- 
pherally condensed nuclear chromatin. A medium lymphocyte (L), closely opposed to a 
plasma cell (P) contains scant cytoplasmic organelles and condensed nuclear chromatin. 
Collagen fibers of varying orientation lie between the cells (electron micrograph, X 10,000). 





Fig 7—Cluster of lymphocytes in the subsynovial infiltrate from a rabbit receiving 16 daily 
HRPO injections. The cells are typical of small to medium lymphocytes, with condensed 
nuclear chromatin and scant cytoplasm containing few organelles. The lymphocytes are 
closely apposed with very little intercellular space intervening. A bundle of collagen fibers 
(cf) and a portion of a polymorphonuclear leukocyte (PMN) are at the lower left (electron 
micrograph, x 10,000). 
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Fig 8—Perivascular lymphoid cells from subsynovial tissue of rabbit given 16 
daily HRPO injections. The albuminal aspect of the endothelium (E) is at the left. 
Small to medium lymphocytes (7) have condensed nuclear chromatin and bland 
cytoplasm. A large lymphocyte (2) has a prominent nucleolus and moderate 
numbers of free polyribosomes in the cytoplasm. An immunoblast (3) has a 
prominent nucleolus, dispersed nuclear chromatin, and abundant free polyrib- 
osomes. A single profile of rough-surfaced endoplasmic reticulum is evident. 
Slender processes of pericytes (arrows) are interposed between the lymphoid 
cells (electron micrograph, x 6000). 


Fig 9—Subsynovial immunoblast from animal killed after 12 daily injections of HRPO. 
Note the prominent nucleolus, dispersed nuclear chromatin, abundant free polyribosomes 
and scant elements of rough-surfaced endoplasmic reticulum. Collagen fibers (cf) are seen 
in the interstitial space (electron micrograph, x 14,000). 


Fig 10—Subsynovial cells from rabbit given 16 daily HRPO injections. An immunoblast 
(L) is in mitosis. A similar cell (/:) recently has divided. A macrophage (M) is closely as- 
sociated with the two immunoblasts (electron micrograph, x 10,000). 
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Fig 11—Inflammatory synovial tissue and cartilage from rabbit given 35 daily 
HRPO injections. The dense inflammatory infiltrate consists primarily of lympho- 
cytes and macrophages. The altered staining characteristics of the cartilage adja- 
cent to the inflammatory infiltrate (arrow) reflect necrosis of cartilage (light 
micrograph, H&E, x 120). Fig 12—A portion of the synovial membrane from 
an animal sacrificed after 37 daily injections. The synovial cells (S) appear highly 
active with large vacuoles containing cellular debris and other dense material. 
Extracellular fibrin and precipitated protein are present in abundance between 
the cells (arrow). A lymphocyte (L) and polymorphonuclear leukocyte (PMN) are 
seen within the synovial lining layer (electron micrograph, x 5000). 
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Fig 13—Subsynovial infiltrate from rabbit killed after 37 daily HRPO injections. 
A spectrum of lymphoid cells (L) is present. There are several small to medium 
lymphocytes, with condensed nuclear chromatin and scant cytoplasm containing 
few organelles. Other lymphoid cells have more dispersed nuclear chromatin 
and moderate numbers of cytoplasmic free polyribosomes. The cells are closely 
packed, with little intercellular space intervening (X 6000). Fig 14—Sub- 
synovial infiltrate from rabbit receiving 37 daily HRPO injections. Portions of 
several plasma cells (P) and a variety of lymphoid cells (L) are visible. As in 
Fig 13, very little intercellular space is present between adjacent cells (x 6000). 
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Fig 15—Fibroblast in subsynovial infiltrate of rabbit given 37 daily HRPO injec- 
tions. The dilated rough-surfaced endoplasmic reticulum contains granular ma- 
terial which presumably is precipitated protein. Numerous collagen fibers (cf) 
surround the fibroblast (X 16,000). Fig 16—Macrophages from subsynovial 
tissue of rabbit given 35 daily HRPO injections. Numerous cytoplasmic vesicles 
and vacuoles variously contain cellular debris or amorphous material of varying 
electron opaqueness. The Golgi complex (g) is well developed. The cell at the 
right (F) with the extensive rough-surfaced endoplasmic reticulum probably is a 
fibroblast (electron micrograph, x 10,000). 
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Fig 17—Subsynovial plasma cell (P) and plasmablast (Pb) from rabbit receiving 
15 daily HRPO injections. The procedure of Leduc and Avrameas was used to 
reveal sites of anti-HRPO activity. Such activity, revealed by peroxidatic reaction 
product, is present in the rough-surfaced endoplasmic reticulum of both cells. 
The perinuclear space of the plasmablast also contains anti-HRPO activity. The 
membrane of one of the profiles of rough-surfaced endoplasmic reticulum ap- 
pears to be continuous with the plasma membrane of the plasmablast (arrow) 
(electron micrograph, x 12,000). Fig 18—Subsynovial plasmablast from 
rabbit sacrificed after 15 daily HRPO injections. Tissue reacted by method of 
Leduc and Avrameas to reveal anti-HRPO activity. Such antibody activity is in- 
dicated by peroxidatic reaction product in the rough-surfaced endoplasmic 
reticulum and perinuclear space. The nuclear membrane is discontinuous at 
several points (arrows), suggesting beginning mitosis (electron micrograph, X 
15,000). 


vl à iig 
wig E. - 





Fig 19—Subsynovial immunoblast from rabbit given 15 daily HRPO injections. 
Technic of Leduc and Avrameas was used to reveal anti-HRPO activity. The 
cell has a prominent nucleolus and dispersed nuclear chromatin. Several profiles 
of rough-surfaced endoplasmic reticulum show anti-HRPO activity (electron 
micrograph, x 10,000). Inset shows a similar cell in mitosis (electron micro- 
graph, x 7500). 


Fig 20—Subsynovial macrophage (M) and plasmablast (Pb) from rabbit given 15 daily 
HRPO injections. Anti-HRPO activity revealed by method of Leduc and Avrameas. The 
macrophage contains many HRPO-containing vesicles and vacuoles. The plasma membrane 
of the macrophage exhibits a complex network of pseudopods and is very closely as- 
sociated with the plasma membrane of the plasmablast (black arrows). The nucleus of the 
plasmablast has peripheral condensations of chromatin and a prominent nucleolus (white 
arrow). Anti-HRPO activity is present in the rough-surfaced endoplasmic reticulum and 
perinuclear space of the plasmablast (electron micrograph, x 10,000). Fig 21— 
Enzyme immunoelectrophoresis in Agarose gel of sera from rabbits receiving 16 (A) and 35 
(B) daily HRPO injections. Top—Patterns photographed by reflected light reveal the 
precipitin lines in which peroxidatic reaction product reveals anti-HRPO activity. With the 
16-day serum (A), specific antibody activity is present in both /gG and /gM lines, while with 
the 35-day serum (B), it is confined to the /gG line. Bottom— Same patterns are photo- 
graphed by transmitted light to reveal the many precipitin lines without anti-HRPO activity. 
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Fetal Renal Structure and the Genesis of 
Amniotic Fluid Disorders 


Richard L. Naeye, MD and William A. Blanc, MD 


Newborn recipient twins in the transplacental transfusion syndrome have dilated 
renal tubules, enlarged bladders and an increased urinary output in the early 
neonatal period, suggesting that increased fetal micturition is responsible for 
hydramnios in the syndrome. There is the possibility that such micturition con- 
tributes to hydramnios in other disorders as well. In the present study, renal 
tubules were found to be dilated in single-born infants with a diverse group of 
disorders having hydramnios as a common feature. Many of the neonates had hypo- 
plastic lungs, an abnormality whose role in the hydramnios is undetermined. Renal. 
tubular lumina were of normal size in neonates associated with oligohydramnios 
due to chronic leak of amniotic fluid. Donor members of parabiotic transplacental 
transfusion pairs had contracted renal tubules which helps to explain their oligo- 
hydramnios. (Am J Pathol 67:95—108, 1972) 


VARIOUS STUDIES OF PREGNANCY cite an incidence of hydram- 
nios varying from 0.13 to 3.20%.' In almost half of such cases, the fetus 
or newborn infant dies. Such deaths are sometimes caused by fetal 
malformations incompatible with life but many are due to prematurity, 
the hydramnios having induced earlv delivery. In some of the cases, 
there is no obvious maternal, fetal or placental abnormality to which 
the fluid disorder can be related.) Even when a maternal, fetal or 
placental abnormality has beeu identified, the exact mechanism of the 
hvdramnios is often uncertain. 

The oldest and simplest explanation for the origin of amniotic fluid is 
attributed to Hippocrates who is reported to have held that such fluid 
is the product of the fetal kidneys.’ Many investigators have discounted 
such a role for the kidneys because the fluid disorder is occ asionally 
found in cases where congenital closure of the lower genitourinarv 
tract has made fetal micturition impossible.** However, there is much 
other evidence that fetal urine significantly E to the volume 
of amniotic fluid.™" Recent studies from our own laboratory have 
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shown that anencephalic infants associated with hydramnois have 
patent renal collecting tubules, suggesting some fetal micturition while 
those without hydramnios have almost closed tubules.? Newborn donor - 
twin members of a parabiotic pair in the transplacental twin trans- 
fusion syndrome have almost closed renal tubules and oligohydramnios 
while their recipient partners have dilated tubules and hydramnios.” 
These donor twins have small bladders and a small neonatal urinary 
output while their recipient partners have abnormally large bladders 
and an increased urinary output. The present study gives evidence 
that fetal micturition is active in a variety of other clinical situations 
in which hydramnios is found. 


Case Material 


A decade of clinical and autopsy charts were searched at Babies Hospital, New 
York City for cases of hydramnios and oligohydramnios in which well-preserved 
autopsy material was available. Cases with anencephaly or gross renal or gastro- 
intestinal malformations which might explain the amniotic fluid disorder were ex- 
cluded. Remaining were 26 cases of hydramnios and 13 cases of oligohydramnios 
(Tables 1 and 2). Hydramnios was defined as an amniotic volume over 2500 
ml at birth, oligohydramnios as the absence of amniotic fluid. Gestational ages 
ranged from 25 to 40 weeks. Ten infants were stillborn; the remainder died within 
a few hours of birth. 


Congenital Heart Disease 


Four of the neonates associated with hydramnios had congenital heart disease 
(Table 1). One had an ostium secundum type of atrial septal defect and another 
a preductal coarctation of the aorta with absent ductus and hypoplasia of the aortic 
arch. Both of these infants were hydropic. A third infant had a large ventricular 
septal defect, a dilated patent ductus arteriosus and a persistent left superior vena 
cava entering the coronary sinus. The fourth infant had chromatin positive 
Turners syndrome, a vascular ring anomaly involving the aorta and ductus ar- 
teriosus and a defect in the pericardium with herniation of the right auricle. Neither 
of these last 2 infants was hvdropic. One of the 4 mothers had a previous gestation 
with hydramnios recorded. 


Hydrops 


Three of the infants associated with hydramnios had hydrops of unknown cause 
and 1 infant had the fluid disorder associated with erythroblastosis fetalis due to 
Rh incompatibility (Table 1). One of the infants with idiopathic hydrops had a 
large pleural and peritoneal effusion. 


Possible Defects in Fetal Deglutition 


Seven neonates had congenital malformations that might have interfered with 
swallowing before birth (Table 1). Three had large diaphragmatie defects with 
abdominal viscera in the thorax. Although never proven, such abnormally placed 
viscera might compress the esophagus. One of the neonates with a diaphragmatic 
defect and 2 other infants had severe hydrocephalus, a disorder that might inter- 
fere with swallowing through a central mechanism. The importance of this central 
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Table 2—Mean Body and Organ Values in Newborn Infants Whose Gestations Were 
Associated With Oligohydramnios* 


Aas A MENU t E E manne aaan 





Chronic amniotic fluid leak Donor twins 

Body weight 104 = 14 81 = 25 
Body length 105 = 5 98 x 7 
Heart weight 100 + 11 89 + 33 
Lungs weight 68 « 181 86 = 36 
Spleen weight 93 « 37 75 = 24 
Liver weight 106 =+ 13 89 + 35 
Adrenals weight 122 = 60 77 = 44 
Kidneys weight 108 = 13 82 = 33 
Thymus Weight 123 = 35 50 = 12 
Brain weight 99 + 9 107 = 18 
No. of cases 8 5 


Absit l a a a 


* All figures are in percent of control values as defined in the text. 
t P value of 0.05 or less in comparison with controls. 


mechanism is suggested by the observation that anencephalic fetuses often do not 
swallow. Another infant had amyoplasia congenita, a muscular disorder which 
might alter deglutition while still another neonate had major deformities of the 
thoracic cage, possibly leading to esophageal compression. One of the infants 
with hydrocephalus had a small Y chromosome and arthrogryposis. One of the 
neonates with a large diaphragmatic defect was an iniencephalic monster and had 
a cleft palate. 


Diabetic Mothers 


Two neonates had mothers with overt diabetes mellitus who required insulin 
during gestation. Neither newborn had any gross congenital malformations. 


Other Cases 


One hydropic newborn infant had placental angiomatoses; his mother had 
taken isoniazid and para-aminosalicylic acid throughout pregnancy. Still another 
infant had congenital hepatitis with giant-cell transformation and early cirrhosis of 
the liver; the two previous pregnancies of his mother had been complicated by 
hydramnios. One of the final 2 neonates associated with hydramnios had a cal- 
cified thrombosis of the ductus venosus and the other was a fraternal twin with a 
separate placenta. 


Recipient Twins 


Five neonates were recipient members of twin pairs with the transplacental 
transfusion syndrome (Table 1). Clinical details have been published previously. 


Oligohydramnios 


The study also included 13 infants of gestations with recorded oligohydramnios. 
Five were the donor members of the aforementioned parabiotic twin pairs. The 
other 8 had a chronic leak of amniotic fluid for 3 or more weeks prior to delivery; 
in 7 instances this led to the amniotic fluid infection syndrome. All 8 had abnormal 
facies and vernix granulomatosis of the amnion was observed in the 4 with avail- 
able placentas. 
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The infants with amniotic fluid disorders were compared with 25 control infants, 
matched for gestational age, who had body weights within 10% of mean normal 
values for gestational age.!5 None had recorded disorders of amniotic fluid volume. 
In the control infants, death was due to cerebral hemorrhage, pulmonary hemor- 
rhage, fetal or intrapartum hypoxia. 


Methods 


Organ weights and body measurements were obtained from autopsy protocols. 
In each case, weights and measurements of body size and organs were calculated 
as percentages of mean values for "normal" infants of the same gestational age.'® 
The percentage of kidneys comprising of cortex and inner and outer zones of the 
medulla was determined for each case by using a planimeter on camera lucida 
drawings of cross sections of the organ. The method of line sampling was used to 
quantitate individual components in the kidneys.'*!* Bv this means, the percent- 
age of various components comprising a tissue can be determined. In addition, the 
relative size and number of cells and cellular components can be calculated. In 
virtually every instance, more than 100 cells of an individual type were measured; 
sections were cut at 5 p. 

After determining the percentages of individual components of the kidney in 
individual cases, a mean percentage for each component was calculated for each 
grouping of cases. 


Results 


Body and most organ weights were within normal limits in the infants 
associated with hydramnios, a major exception being the lungs, which 
were subnormal in size in most of the subgroups (Table 1). The adrenals 
were also subnormal in weight in several groups, especially the one 
containing the infants with congenital cardiac malformations (Table 
1). 

Glomeruli were abnormally enlarged in the recipient twins and in 
the infants with possible abnormalities in fetal deglutition ( Table 3). 
Tubular luminal area was abnormally large in all but 2 of the hydram- 
nios groups (Table 3, Fig 1-3). Infants with congenital heart disease 
had a subnormal mass of cytoplasm in individual cells of both the 
proximal and distal convoluted tubules ( Table 3). 

Except for small lungs, body and organ measurements were normal 
in 8 infants with oligohydramnios due to chronic amniotic fluid leak 
( Table 2). Most such measurements were subnormal in the donor twins 
by comparison with their recipient partners (Table 2). Nephron 
measurements, including tubular luminal areas, were normal in the 
infants with chronic leak of amniotic fluid ( Table 4, Fig 4). 


Discussion 


Previous studies from our laboratory showed that the relative size 
of renal tubular lumina can be correlated with the volume of amniotic 
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Table 4—Nephron Measurements in Newborn Infants Whose Gestations Were Associated 
with Oligohydramnios* 


l emn E 


Chronic leak of 


amniotic fluid Donor twins 

NEIN E 
Glomeruli 

Mean diameter 102 « 16 70 = 171 
Proximal convoluted tubules 

Diameter nuclei 102 = 11 97 = 7 

Cytoplasm/cell 112 = 19 81 + 161 
Distal convoluted tubules 

Diameter nuclei 98 s: 17 99 = 14 

Cytoplasm/cell 108 = 24 81 + 22 
Collecting tubules, outer zone medulla 

Diameter nuclei 102 = 9 99 + 11 

Cytoplasm/cell 128 + 42 101 = 17 

Luminal area 88 = 31 49 + 367 
Thin segment of Henle’s loop 

Luminal area 89 + 26 65 = 207 


* All figures are in percent of control values as defined in the text. 
t P value of 0.05 or less in comparison with controls. 


fluid in both anencephaly and the twin transplacental transfusion 
syndrome.'^'? In the current study, such tubular lumina were found 
dilated in other groups of newborn infants whose gestations were 
complicated by hydramnios. None of these infants had gross pituitary 
or gastrointestinal malformations that might explain the hydramnios. 
If dilated tubules reflect increased micturition as an important con- 
tributor to hydramnios, oligohydramnios might be associated with 
normal or reduced-size lumina; such proved to be the case in the 
present study. 

It has been established by many investigators that the fetal kidney 
normally adds to the amniotic volume but currently available physio- 
logic methods are not sensitive enough to permit quantitation of its 
contribution to the genesis of hydramnios. Fetal urine is hypotonic late 
in gestation and its contribution to the amniotic fluid is a logical 
explanation for the decreasing concentration of solutes in the amniotic 
fluid near term.*?' When the primate fetus is experimentally removed 
from the uterus late in gestation, the remaining amniotic fluid comes to 
resemble the amniotic fluid of early gestation, its high solute content 
resembling a transudate of maternal plasma.'^ Other evidences of fetal 
urine contribution are the amniotic fluid's increased levels of urea and 
creatinine and decreased concentration of glucose late in gestation. 
Finally, radioactivity promptly appears im the amniotic fluid after 
diodrast-?'I is injected into the fetal circulation of monkeys. Since 
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iodine is normally excreted by the renal tubules, Pitkin has suggested 
that fetal micturition constitutes an appreciable source of amniotic 
fluid." 

There is normally a very rapid exchange of water between the 
mother, fetus and amniotic fluid; disappearance curves for water in 
the amniotic cavity show a normal half-life of only 95 minutes.*!*-?! With 
such rapid fluid exchanges, a daily amniotic volume increase of only 
150 ml can induce hydramnios; this requires an amniotic inflow rate 
only 1-25 greater than the outflow rate.? Such differences are too 
small to be measured by currently available methods especially when 
it is desired to individually quantitate the sources of the fluid. 

Even if increased micturition contributed to the hydramnios in many 
of the current cases, it is far from certain that this renal activity was a 
primary phenomenon. Such an increase in fetal urine flow might be a 
compensatory response to an increased fetal blood volume, an increased 
water load or a deficiency of antidiuretic hormone (ADH). None of 
the current neonates (except for the recipient twins) and some of the 
infants with possible swallowing defects had enlarged glomeruli; 
glomerular enlargement is one evidence of an increased blood volume 
during fetal and neonatal life.” There is little evidence of ADH 
deficiency since none of the current neonates had an abnormal pituitary 
gland or a deficiency of cellular cytoplasm in the medullary tubules; 
the latter is an abnormality previously shown to be characteristic of 
infants with an absent posterior pituitary.'^'? The small adrenal glands 
in infants with congenital heart disease might be important since there 
was a moderate deficiency of cytoplasm in epithelial cells of the 
proximal and distal convoluted tubules of this subgroup of neonates 
(Table 3). Deficiencies of the anterior pituitary and adrenals have 
been previously shown to lead to this tubular abnormality.!?1* 

Other mechanisms aside from fetal micturition probably contributed 
to hydramnios in the current cases. A number of the neonates were 
hydropic and it has been postulated that hydramnios in such cases is 
due to circulatory failure from mechanical interference—ie, pressure 
on the great veins. This hypothesis is highly speculative at best.?* Driscoll 
has raised the possibility that the hydramnios in such cases might be 
due to a primary immune mechanism." A number of investigators 
have reported that placental vascular anomalies have a frequent 
association with hydramnios, perhaps indicating that the placenta 
might be the site of increased amniotic fluid formation.“ The one such 
case in the current study had subnormal-size renal tubular lumina, 
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perhaps indicating that some mechanism other than increased micturi- 
tion was responsible for the hydramnios (Table 3). Finally, Goodlin 
has suggested that perhaps any severely ill human fetus will swallow 
less (oligoposia) with resultant accumulation of amniotic fluid.” 
Data in the current study neither add to nor detract from this hypothesis. 

The association of hypoplastic lungs with hydramnios is easily ex- 
plained in only a few of the cases. Two of the neonates had large 
diaphragmatic defects with abdominal viscera in the thoracic cavities. 
This often leads to subnormal-size lungs, apparently through a re- 
striction of the lungs’ growth. A third newborn infant had a thoracic 
deformity which might have restricted lung growth. Two other infants 
with hydramnios had pleural effusions of 50 and 65 ml; volumes of 
this magnitude might also have restricted lung growth. No other 
neonate had a volume of pleural fluid exceeding 10 ml. In the other 
cases, the frequent association of pulmonary hvpoplasia with hvdram- 
nios is a new finding. It is not easily attributed to compression of the 
thorax by the increased volume of amniotic fluid because in most cases 
of hydramnios, intrauterine amniotic fluid pressure is normal. 

In most instances the pathogenesis of oligohydramnios is easier to 
understand than the genesis of hydramnios. Many cases of oligo- 
hydramnios are due to an underdeveloped or obstructed fetal urinary 
tract.** Other important causes are chronic leak of amniotic fluid and 
the twin transplacental transfusion syndrome, both included in the 
current study.!*707*7? The reduced amniotic volume associated with 
donor twins has been postulated to be due to subnormal blood volume, 
subnormal-size glomeruli with reduced glomerular filtration and a small 
volume of fetal micturition as evidenced by reduced luminal size of 
renal tubules, subnormal-size bladders and low neonatal urinary output. 
121415 A chronic leak of amniotic fluid is probably the commonest cause 
of oligohydramnios.?*?? In the present study, such leaks did not appear 
to alter fetal renal structure, probably indicating that fetal micturition 
continues despite the fact that the fetus is deprived of body water 
usually gained by swallowing. 
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[Hilustrations follow] 





Fig 1—The lumina of collecting tubules and tubules in the loop of Henle are 
normally patent in this kidney of a control newborn infant (H&E, x 600). Fig 
2—The lumina of collecting tubules are abnormally enlarged in this kidney of 
a newborn infant who was associated with hydramnios (H&E, x 600). 





Fig 3—The lumina of collecting tubules and tubules in the loop of Henle are 
markedly dilated in this kidney of a newborn infant who was associated with 
hydramnios (H&E, x 600). Fig 4—The lumina of collecting tubules and 
tubules in the loop of Henle are near normal size in this kidney from a newborn 
infant who was associated with oligohydramnios due to a chronic leak of amniotic 
fluid (H&E, x 600). 


Ultrastructural Changes in the Capillary Bed of 
Human Pituitary Tumors 


Joel Schechter, PhD 


The fine structure of the capillary bed of the anterior pituitary has been studied 
in 19 cases of pituitary tumor and 1 autopsy specimen. Tumor specimens were 
less well vascularized than the autopsy specimen. Endothelial cells within tumor 
specimens were often observed with swollen portions of cytoplasm, or cytoplasmic 
blebs, projecting into the capillary lumen, Blebbing, in many cases, nearly ob- 
structed the capillary lumen and was most often associated with endothelial 
cells that had an electron-lucent cytoplasm, in contrast to endothelial cells that 
had an electron-dense cytoplasm, even within the same capillary profile. Com- 
pared with electron-lucent cells, electorn-dense cells contained more endothelial 
filaments. Also observed were capillaries that had apparently broken apart re- 
leasing their contents into the pericapillary space and shrunken remnants of 
capillaries. A number of abnormal features were observed in the pericapillary 
spaces—ie, disruption of the parenchymal-pericapillary interface, disorganization 
of basal laminae, increased amounts of plasma proteins and cellular debris 
within the space and, ultimately, complete loss of the normal limits and char- 
acteristics of the space. Similar, though less pronounced, changes were observed 
in the autopsy specimen. The hypothesis is advanced that changes observed in 
the capillary bed are, in large part, a result of tumor growth, which increasingly 
disrupts tissue organization at the parenchymal-pericapillary interface and, be- 
cause the tumor mass in the sella turcica can only enlarge upwards, compresses 
the pituitary stalk and portal veins. The result is ischemia and eventual necrosis. 
The observations are then in good agreement with recent reports on changes in 
capillary fine structure associated with ischemia. ( Am J] Pathol 67:109—126, 1972) 


THE FINE STRUCTURAL FEATURES of capillaries of the “normal” 
anterior pituitary gland are now well established. ^ However, the ex- 
tent to which these capillaries are affected or structurally modified by 
their association with pituitary neoplasms has at present received very 
little attention. Electron microscopic studies of pituitary tumors either 
do not mention the capillary network *" or make only brief comment 
that the capillaries appear “rather normal." ^? Furthermore, a search of 
the literature has uncovered only preliminary reports ™ on the broader 
topic—ultrastructural changes in capillaries associated with tumors. 
Recent physiologic studies '* demonstrated changes in pituitary hemo- 
dynamics in association with tumors, but provided no morphologic 
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correlates. After inducing pituitary adenomas in rats, Tiboldi et al '* dem- 
onstrated that blood flow to the neoplastic pituitaries (blood flow /pitui- 
tary weight) was actually reduced in comparison to controls. These 
authors postulated that the changes which they observed in pituitary 
hemodynamics would likely be correlated with structural transforma- 
tions of the pituitary capillaries. The present study pursues this point 
and reports the extent of the structural modifications taking place in 
capillaries of human pituitary tumors. 


Materials and Methods 


The material used in this study included samples of 20 different pituitary glands. 
The first of these was obtained at autopsy within 20 minutes of death. This indi- 
vidual was a 25-year-old female afflicted with lateral sclerosis. There were no clini- 
cal indications of any pituitary abnormality, and on removal at autopsy, the pitui- 
tary was within normal limits. The remaining 19 pituitary specimens were obtained 
as surgical biopsies; of these the clinical diagnosis of ten chromophobe adenomas 
and nine acidophil adenomas was later confirmed by histologic examination (em- 
ploving hematoxylin and eosin and orange G-PAS stains) in surgical pathology. 
The particular interest of the neurosurgical staff in acidophil adenomas has re- 
sulted in numerous referrals and accounts for the atypical distribution of acidophil 
adenomas in this group of tumors. 

Immediately after they were removed, samples of pituitary were immersed in a 
fixative solution composed of 2% glutaraldehyde, 2% paraformaldehyde converted to 
formaldehyde, 0.070 M cacodylate (dimethyl sodium arsenate), 0.02% CaCl., pH 
7.3. The samples were then diced into smaller pieces and allowed to remain in the 
fixative solution for 1 to 2 hours. Occasionally, some samples were refrigerated in 
fixative solution overnight. After this initial fixation, tissue samples were placed for 
2 hours in 1% OsO, solution containing CaCl, and cadodylate buffer at the same 
concentration as in the aldehyde fixative and at the same pH. The tissue was then 
dehydrated in a graded series of alcohols, and after propylene oxide rinses, was 
embedded in Araldite 502. After curing, the blocks were cut on a Porter-Blum 
MT-1 ultramicrotome. Thin sections, giving silver interference colors, were collected 
on copper grids, stained with lead citrate, and examined either with a Hitachi HU- 
11A or AEI-6B electron microscope. After 2 or 3 grids were thus filled, 0.5-0.75u 
sections were cut and collected on separate glass slides. The Araldite was removed 
by the method of Berkowitz et al,!5 and the sections were stained with toluidine 


blue (pH 8.0). 


Results 


Autopsy Specimen, Light Microscopy 


Light microscopic examination of this specimen revealed pituitary 
parenchymal cell cords interwoven by a rich capillary network (Fig 1). 
The capillaries varied in diameter; some were quite dilated, others had 
a narrower diameter, though all appeared patent. Pericapillary spaces 
generally stained faintly with toluidine blue in contrast to the darker 
cell cords, and could, therefore, be distinguished rather easily around 
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most capillaries. However, around some or portions of capillaries, it was 
difficult to judge the limits of the pericapillary space, since staining 
properties of the space matched that of adjacent parenchymal cells 


(Fig 1). 


Autopsy Specimen, Electron Microscopy 


Pituitary capillaries were fenestrated, with the fenestrae measuring 
500-1000 A in diameter, and bridged by a continuous diaphragm (Fig 
2). The endothelial cells comprising these capillaries varied in thickness 
and luminal surface contours. Some areas were thin-walled with smooth 
luminal contours, while in other areas, there were diffuse swellings or 
bleb-like expansions of endothelial cell cytoplasm (Fig 2). In some of 
the capillaries, the blebs protruded conspicuously into the lumen (Fig 

3). The cytoplasm associated with the blebs was consistently electron- 
licent but otherwise contained a normal array of cytoplasmic organ- 
elles. Precipitated plasma proteins were observed within the capillary 
lumen as a flocculent material of intermediate electron density (Fig 2 
and 3). 

Pericapillary spaces around many capillaries were clearly defined as 
electron-lucent zones between the basal laminae of pituitary parenchy- 

mal cells and capillary endothelial cells (Fig 2). Fibrocytes were the 
most frequently encountered cell type within the pericapillary space. 
Collagen fibers were found in small bundles throughout pericapillary 
spaces, and in some areas were collected into larger fiber bundles. It was 
not always possible to assess the contents or limits of pericapillary 
spaces, for around some capillaries, or portions of capillaries, the entire 
space had a rather homogeneous electron density with indistinct limits 
(Fig 2 and 3). This appeared to be related to 3 factors: First, a floccu- 
lent material was often evident within the pericapillary space ( Fig 2 and 
3). This material was essentially identical to the precipitated plasma 
proteins, noted above, within the lumina of capillaries. Second, it was 
observed that there were discontinuities in parenchymal tissue—ie, in- 
terrupted cell membranes, particularly in the vicinity of the parenchy- 
mal basal lamina (Fig 2 and 3). At these points, the cytoplasmic density 
of the parenchymal cells appeared to blend gradually into that charac- 
teristic of the pericapillary space. Third, it was observed that the paren- 
chymal and capillary basal laminae were frequently thrown into com- 
plex redundant patterns or were of increased thickness (Fig 4). 
Combinations of these factors thus contributed to obscuring the peri- 
capillary space, which then appeared homogeneously electron-dense and 
with indistinct boundaries. 
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Biopsy Specimens 


Changes in capillary fine structure observed in 19 pituitary tumors 
could not be correlated with any one particular type of tumor. Changes 
in the capillaries appear to represent a more generalized phenomenon, 
a response of the capillaries to the process of tumor growth, and these 
changes are, therefore, reported here as a single group. 


Light Microscopy 


Light microscopically, the parenchyma of pituitary tumors (Fig 5-7) 
appeared markedly less vascularized when compared with samples from 
the autopsy specimen. In addition, the capillaries which were present 
often appeared narrowed or compressed and pericapillary spaces could 
not be clearly defined (Fig 5). Also evident were red blood cells which 
did not appear to be within capillaries (Fig 7); they were either packed 
in tightly between parenchymal cells or within clefts between parenchy- 
mal cells. 


Electron Microscopy 


Capillaries within the tumors frequently were comprised of dark, 
electron-dense and light, electron-lucent, endothelial cells in sharp juxta- 
position to one another within the same capillary profile (Fig 8-10). 
That portion of the capillary formed by an electron-lucent endothelial 
cell often appeared enlarged and thicker than its electron-dense counter- 
part. Portions of the endothelial cells, particularly the electron-lucent 
cells, protruded as large blebs (Fig 9) into the capillary lumen, at times 
almost totally obliterating the lumen (Fig 10). Where the blebbing was 
extensive, there were no fenestrae. The electron-dense endothelial cells 
did not generally appear to be enlarged, though smaller blebs were 
evident along their luminal surface. Fenestrations were more apparent 
in association with electron-dense cells ( Fig 8). The cytoplasm of both 
types of endothelial cells contained mitochondria, small channels of 
endoplasmic reticulum, free ribosomes, coated and smooth vesicles and 
cytoplasmic filaments or tubules. The morphologic basis for the differ- 
ences in electron density is the apparently greater quantities and con- 
centrations of cytoplasmic filaments in electron-dense as compared with 
electron-lucent cells. Precipitated plasma proteins were evident within 
capillary lumina. 

Pericapillary spaces in tumor specimens differed from those of the 
autopsy specimen in the following ways: In the tumor specimens, the 
pericapillary spaces were consistently more difficult to delineate because 
basal laminae of capillaries and pituitary parenchymal cells were typi- 
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cally fragmented or absent (Fig 8-10). These changes were particularly 
obvious with respect to the parenchymal basal lamina which was most 
frequently absent. Furthermore, pituitary parenchymal cells at the inter- 
face with the pericapillary space were often disrupted. The pericapillary 
spaces were thus converted into irregular spaces filled with cell debris, 
fragments of basal laminae, collagen and flocculent material identical to 
precipitated plasma proteins found within the capillary lumen. Red 
blood cells not confined to capillary channels were observed in open 
clefts or channels between parenchymal cells (Fig 10 and 11). In addi- 
tion to red blood cells, clefts contained materials that appeared to be 
plasma proteins and an assortment of cellular debris, vesicles, secretory 
granules, fragments of cytoplasm, etc (Fig 11). Occasional sections re- 
vealed capillaries or portions of capillaries which appeared to have 
broken apart ( Fig 12). The pericapillary spaces around these capillaries 
were consistently disorganized, with no parenchymal basal lamina and 
containing an assortment of cellular debris. In specimens revealing the 
most dramatic changes, capillaries appeared shrunken and collapsed, 
with irregular contours (Fig 13). The endothelial cells were electron- 
dense with dark, necrotic nuclei, and the capillary basal lamina ap- 
peared thickened and obscured due to the accumulation of a feltwork 
of electron-dense materials, and cellular debris. Parenchymal basal lami- 
nae could not be recognized at this stage. 

Text-fig 1 proposes a possible step-by-step progression for the present 
observations. 


Discussion 


An interpretation of the fine structural changes in the capillaries of 
pituitary tumors must begin by considering the particular site at which 
these events are taking place at the macroscopic level. The pituitary 
rests in the rigid, bony sella turcica connected with the median emi- 
nence by a stalk which traverses the diaphragma sella. The diaphragma 
sella is composed of dense collagenous connective tissue. The pituitary 
stalk conveys the fragile portal veins, bringing the greater part of the 
blood supply to the anterior pituitary. In studies on swelling of the 
pituitary due to shock after automobile accidents, Kornblum and 
Fisher '* concluded that only the small circular opening in the dia- 
phragma sella provided any room for the pituitary gland to expand. If 
and when the gland swelled, it expanded upward through the opening, 
the likely result being compression of the portal veins against the free 
edge of the diaphragma sella. It seems likely that neoplastic growth 
within the pituitary would also follow the same path of least resistance, 
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Text-ric 1A—Profile of pituitary capillary in "normal" or “pretumor” state. The 
pericapillary space (ps) is limited by parenchymal and capillary basal lamina (thick black 
lines), and there are no disruptions of tissue components at the parenchymal-pericapillary 
interface. Capillary lumen (c) is wide and contains a red blood cell. B-F depict the 
postulated progression of changes within the vascular bed suggested by the morphologic 
observations of tumor specimens.  B—Neoplastic growth has resulted in a breakdown of 
tissue components (x) at the parenchymal-pericapillary interface. C— Continued growth 
of the tumor further disrupts tissue integrity at the parenchymal-pericapillary interface 
and releases cellular fragments into the space. Increased materials within the pericapillary 
space, and compression of the pituitary stalk by the enlarging tumor mass, precipitate 
ischemic changes in the pituitary capillaries—ie, electron-lucent (L) and electron-dense 
(D) endothelial cells. D-—Swelling and blebbing of endothelial cells now almost totally 
obstruct the capillary lumen (asterisk). The limits of the pericapillary space are difficult to 
distinguish, and cell debris and plasma proteins accumulate outside of the capillaries, 
E—The capillary has ruptured, releasing its contents into the surrounding tissue. The 
limits of the pericapillary space are now almost totally unrecognizable. F—The capil- 
lary has collapsed and appears necrotic. The pericapillary space (ps) contains a combination 
of materials and there is no discernible parenchymal interface. 
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similarly affecting the pituitary stalk and its portal veins. The result 
would induce a chronic ischemia compounded by the continued ad- 
vancement of the tumor. The changes observed in the present study are 
therefore interpreted in large part as a manitestation of ischemic condi- 
tions. In this case, events at the macroscopic level—ie, compression of 
the stalk by the enlarging tumor mass—induce the changes in capillaries 
of the anterior pituitary observed at the fine structural level. Disruption 
of the tumor mass, noted at the interface with the pericapillary space, 
may also contribute an increasing amount of cellular debris to this space, 
such that the tumor mass could exert a direct compressive effect upon 
capillaries. In either case, the observations are in good agreement with 
recent reports on fine structural changes in capillaries during ischemia. 

Endothelial cell blebbing and swelling have been described in capil- 
laries of skin and cerebral cortex by Willms-Kretschmer and Majno,” 
Chiang et al,'^ and Hills,? after experimentally induced ischemia. None 
of these studies was associated with the vascular bed within a tumor, 
though Willms-Kretschmer and Majno '* observed a progression of vas- 
cular injury almost identical to that reported here—ie, diffuse swelling 
and blebbing of individual endothelial cells which resulted in a narrow- 
ing and gradually increasing obstruction of the capillary lumen. These 
authors further noted that the swollen endothelial cells characteristic- 
ally had an electron-lucent cytoplasm. Furthermore these events were 
accompanied by extravascular changes—ie, accumulation of plasma pro- 
teins and free red blood cells outside of the vessels. 

In studies on the permeability characteristics of capillaries in virally 
induced brain tumors, Brightman '? reported changes in capillary per- 
meability which, in some instances, could be correlated with the forma- 
tion of fenestrations. In the present study, there were no increases of 
fenestrations, rather swelling of the endothelial cells appeared to de- 
crease the number of fenestrations. However, capillaries which had 
broken open were observed, an event which would release the capillary 
contents into extravascular spaces. It is also possible, as Kent ^" and 
others have pointed out, that injury to endothelial cells may in itself 
alter the permeability properties of capillaries so that increased amounts 
of plasma proteins are lost to extravascular spaces in the absence of 
physical rupture of the vessels. 

The functional implication of increased amounts of endothelial cell 
filaments is unknown. Increasing attention has been given to the possi- 
bility that endothelial filaments may represent contractile proteins ?! 
which then could function to alter endothelial cell junctions, and thus 
affect capillary permeability. It is also possible that filaments are related 
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to supportive functions—eg, maintenance of capillary shape. Hills ° 
reported that endothelial filaments in capillaries of rat cerebral cortex 
were "perhaps" more abundant after ischemia. Endothelial filaments 
were decidedly more abundant in electron-dense cells described in the 
present study. Considering the breakdown and disruption of tissue com- 
ponents within the tumor mass, this suggests that the abundance of 
filaments may be related to supportive functions—ie, a cellular attempt 
to maintain normal tissue integrity in the presence of a changing en- 
vironment. Hills described disorganization of basal laminae after ische- 
mia, which could also account for changes in the basal laminae observed 
in the present study. An alternate explanation would be that the altera- 
tions in basal lamina morphology are secondary to the breakdown of 
tumor cells at the parenchymal-pericapillary interface. 

The endothelial cell blebbing, modifications of the basal laminae and 
changes in capillary permeability all may be interpreted as being part 
of a series of changes in capillary structure related to vascular injury, 
and resulting from tumor growth in pituitary parenchymal cells. The 
sequence of events would seem to be as follows: Tumor growth in the 
anterior pituitary disrupts normal tissue patterns at the parenchymal- 
pericapillary interface. Continued enlargement of the tumor further dis- 
rupts tissue integrity at the parenchymal-pericapillary interface and also 
compresses the pituitary stalk and the blood supply to the anterior 
pituitary. The capillaries reflect these changes by endothelial swelling 
and blebbing, increased endothelial filaments, altered permeability 
properties with increased loss of materials to the pericapillary space. 
This process ultimately leads to obstructed capillaries, fragmentation, 
shrinkage and eventual death of endothelial cells, accompanied by 
complete loss of the normal characteristics of the pericapillary space. 

That only a single pituitary suitable for electron microscopy was ob- 
tained from autopsy, necessitates cautious evaluation of this specimen. 
Two tentative interpretations of the observations would be the follow- 
ing: First, the apparent, though less pronounced, similarities between 
capillaries in this specimen and those within tumors suggest the possibil- 
ity that the autopsy specimen was not, in fact, "normal," even though it 
was described grossly at autopsy as being “normal.” Pathologists have 
known for some time that the pituitary is a common site of small sub- 
clinical tumors which are apparent on histologic examination. The au- 
topsy specimen used here may have been a small subclinical tumor of 
this type. The observed features of these capillaries could, therefore, 
represent the initial response of the vascular bed to tumor growth. Sec- 
ond, it is possible that the observed alterations in capillary structure 
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are related to aging phenomena within the vascular bed itself. In this 
regard, Rosenquist and Bernick^' have recently described marked 
thickening of the basal laminae of glomerular capillaries with aging, 
and Buerger and Hevelke ?? reported that aging could be correlated with 
decreased luminal diameter and increased endothelial thickening in 
small vessels. Additional autopsy specimens will be required to clarity 
these possibilities. 
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Legends for Figures 


Fig l—Autopsy specimen stained with toluidine blue. This specimen contains an 
abundance of capillaries (c) which vary in diameter though all appear patent. Pale- 
staining pericapillary spaces (p) are evident around most of the capillaries. The 
arrow at lower right indicates a region in which the pericapillary space can not be 
clearly distinguished from adjacent parenchymal cells (x 700). 

Fig 2-4 are electron micrographs of the autopsy specimen stained with lead citrate. 
Fig 2—The wall of this capillary varies in thickness, being thin with fenestrations 
(arrows) in some areas, and with cytoplasmic blebbing (bb) in other areas. Plasma 
proteins (pr) are evident within the capillary lumen and within the pericapillary 
space. The limits of the pericapillary space (ps) in upper right can be distinguished, 
bounded by capillary and parenchymal basal laminae. The pericapillary space (ps) 
in left of figure is difficult to distinguish, owing to disruption of parenchymal cells 
and increased electron density of materials within the space. Portion of fibrocyte 
(F) (x 16,700). 

Fig 3—Blebbing (bb) of endothelial cell cytoplasm in this capillary is extensive and 
protrudes into the capillary lumen. Plasma proteins (pr) are evident within the capillary 
lumen and within the pericapillary space. Loss of cellular integrity and fragmentation 
of the parenchymal basal lamina (bl) at the parenchymal-pericapillary interface are 
evident, permitting portions of parenchymal cells (G) to mix with the contents of 
the pericapillary space and contributing to an increased electron density of the space 
(x 25,500). Fig 4— Complex redundant configurations of the basal lamina (bl) 
contribute to an increased electron density of the pericapillary spaces. Also demon- 
strated is the loss of cellular integrity (arrows)-—ie, absence of plasma membranes, 
in parenchymal cells at the parenchymal-pericapillary interface (x 14,100). 

Fig 5—7 are light micrographs of 3 tumor specimens stained with toluidine blue. 
Fig 5— Tumor specimen. Capillaries (c) are few and widely separated in this speci- 
men, and pericapillary spaces can not be distinguished from the parenchymal cells 
(x 700). Fig 6—-Tumor specimen. The mass of parenchymal tumor cells that fills 
this field appears totally avascular. The large dark shapes (arrows) may be remnants 
of red blood cells compressed between the tumor cells (x 700). Fig 7-—Tumor 
specimen. A number of red blood cells (arrows) are evident compressed between 
tumor cells or in cleft-like channels (x) between the tumor cells (x 700). 

Fig 8—13 are electron micrographs of tumor specimens stained with lead citrate. 
Fig 8—Tumor specimen. Electron-lucent (L) and electron-dense (D) endothelial cells 
are demonstrated within a single capillary profile. Fenestrations (arrows) were most 
often associated with electron-dense cells which generally did not exhibit as pro- 
nounced swelling or blebbing as their electron-lucent counterparts. Endothelial cell 
filaments (f) were most abundant within the electron-dense cells. Limits of the 
pericapillary space (ps) are not clear because parenchymal basal lamina is absent 
and tissue components are disrupted at parenchymal-pericapillary interface. Cellular 
debris (Cd) is spilling into pericapillary space (<19,000). Fig 9—-Tumor specimen. 
Electron-lucent (L) endothelial cells typically exhibit more pronounced swelling and 
blebbing than those that are electron-dense (D). Plasma proteins (pr) are found 
within the capillary lumen and in considerable amounts within pericapillary spaces. 
Parenchymal basal lamina (bl) delimits a pericapillary space in some locations but 
is absent at other sites (lower left) where tissue components are disrupted (x 16,000). 
Fig 10—Tumor specimen. Swelling and blebbing of endothelial cells can attain such 
proportions as to almost totally obstruct the capillary lumen (asterisk). Pericapillary 
spaces are increasingly difficult to define and contain considerable amounts of 
cellular debris (Cd) and a red blood cell (lower right) which is not within a capillary. 
L indicates electron-lucent endothelial cells; D, electron-dense endothelial cell (x 
16,000). Fig ll——Tumor specimen. Channels (X) which are not lined by endothelium 
are found between the parenchymal tumor cells (A, B and C). These channels contain 
red blood cells (R), plasma protein (pr), and cellular debris (Cd) (x 9600). 

Fig 12—Tumor specimen. This capillary, comprised of electron-lucent (L) and elec- 
tron-dense (D) endothelial cells, has apparently broken apart (B) releasing its contents 
into the pericapillary space. The pericapillary space reveals considerable disorganiza- 
tion and disruption of parenchymal tissue components, and is accumulating cellular 
debris (Cd) and plasma proteins (pr). Red blood cell (R) (x 10,250). Fig 13—Tumor 
specimen. Ultimately the capillaries appear collapsed and shrunken with irregular 
contours. Endothelial cell nuclei (N) are dense and necrotic in appearance, and peri- 
capillary spaces (ps) are filled with a combination of materials. A parenchymal-peri- 
capillary interface cannot be identified. Capillary basal lamina indicated by bi; capillary 
lumen by C (x 12,800). 
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Myonecrosis Induced by Rattlesnake Venom 
An Electron Microscopie Study 


John M. Stringer MD, Robert A. Kainer DVM, MS and Anthony T. Tu 
PhD 


The myonecrotic effect of rattlesnake (Crotalus viridis viridis) venom on mouse 
skeletal muscle was studied. The biceps femoris muscle was examined with the 
electron microscope after one-fourth the LD,, of the crude venom was injected 
into the gracilis and semimembranosus muscles. Focal areas of myonecrosis were 
abundant. Injured fibers contained dilated sarcoplasmic reticulum, disoriented, 
coagulated myofilamentous components and condensed, rounded and enlarged 
mitochondria. The external lamina and sarcolemma remained intact in many 
fibers. Hemorrhage was apparent in the endomysial connective tissue, and hemoly- 
sis was discernible. In areas where the erythrocytes were tightly packed between 
the muscle fibers, there was disruption of the external lamina and sarcolemma. 
Degeneration of the fibers in these areas was pronounced. These findings correlate 
well with the breakdown of muscle fibers by various methods described in the 
literature. Myonecrosis induced by snake venom may serve as a useful model for 
studying muscle necrosis because of its rapid onset and relative ease of induction. 
(Am J Pathol 67:127—140, 1972) 


SNAKEBITE IS NOT UNCOMMON throughout most of the world, 
predominantly in the tropical areas. Deaths due to snakebite have 
been estimated to be between 30,000 and 40,000 annually.’ In the 
United States, it has been estimated that, of the 6000 individuals 
bitten each year, 15 cases are fatal.” No accurate statistics are available 
for snakebite, because no one can accurately assemble all the cases. 
However, a good record was kept by the Venomous Snakebite Com- 
mittee of the Florida State Board of Health. The committee reported 
382 verified and completed records of snakebite.? Of this number, 
168 were inflected by pigmy rattlesnake (Sistruris miliarius) and 71 
by larger rattlesnakes (Crotalus). Cottonmouth moccasins ( Agkistrodon 
piscavoris) accounted for 69 bites, copperheads (Agkistrodon contor- 
trix) for 4, coral snakes (Micrurus) for 14 and unidentified venomous 
snakes for 56. Some snakebite victims survive, but sustain permanent 
tissue damage that may extend into the muscle, tendons and cartilage.*” 
The destruction of tissue, with possible disfunction or complete loss 
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of a body part, is an important factor in snakebite cases, since, in many 
cases, the use of antivenin does not prevent histolysis unless it is in- 
jected minutes after the bite.*? 

Most crotaline venoms produce hemorrhage and myonecrosis simul- 
taneously upon envenomation.” Many cases of myonecrosis after en- 
venomation by snake venom have been reported," ° 

A variety of toxins produce myonecrosis. The objective of this study 
was to determine if the myonecrosis produced by Crotalus viridis 
viridis (prairie rattlesnake) venom was similar to that reported to 
occur by other mechanisms—ie, ischemia due to cold, the drug plasmo- 
cid, cobra venom, Clostridium perfringens toxin and coxsackie virus. 


Materials and Methods 


Twenty-four Swiss white mice served as experimental subjects. Eight animals 
were used in three separate experiments. Six mice were injected intramuscularly 
in the medial aspect of the left thigh (gracilis and semimembranosus muscles) 
with 20 ug of crude C viridis viridis venom (Ross Allen's Reptile Institute, Silver 
Springs, Fla) dissolved in 0.1 ml physiologic saline (PSS). Two control animals were 
injected similarly with 0.1 ml PSS. All animals were killed by cervical dislocation 3 
hours after injection. The tissue was removed from the lateral aspect of the in- 
jected thigh (biceps femoris muscle) to avoid areas that might have been dam- 
aged by the needle. The excised tissue was fixed in 5% glutaraldehyde in 
Millonig's phosphate buffer, pH 7.2, for 5 hours at 10 C; then it was fixed second- 
arily for 1 hour in 2% osmium tetroxide in Millonig’s phosphate buffer, pH 7.2. 
After dehydration in a graded series of ethanol, the tissue was embedded in Epon 
812.1! One-micron sections stained with toluidine blue O!? were used for light 
microscopic observations of necrotic foci. Thin sections were cut on a Sorvall 
MT-2 ultramicrotome. The sections were picked up on uncoated 200-mesh copper 
grids and stained with uranyl acetate and lead citrate. Observations were made 
with a Zeiss EM 9A or RCA EMU 3F electron microscope. 


Results 


Control Muscle 

Gross examination of the killed control animals revealed no lesions 
except for an occasional hemorrhagic area at the penetration site of 
the needle. Tissue from the control animals had all the fine structural 
aspects of skeletal muscle as described in the literature.'*"* There 
were thin actin filaments on either side of the thick myosin filaments 
with cross bridges between the two filament types. The Z lines were 
in register with one another. The A band, H band, I band and M lines 
were present in longitudinal sections of the skeletal muscle. The triad 
was located at the Z-line complex and the sarcotubular system was 
comprised of flattened cisternae. Moderate numbers of mitochondria 
were tightly packed at various locations between the myofibrils and 
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near the nuclei. Glycogen granules were scattered throughout the muscle 
fibers in moderate amounts, with the highest concentration near the 
triads and nuclei. The external lamina abs paralleled the uninter- 
rupted plasma membrane as it encircled the muscle fiber. The elongated, 
hypolemmal nuclei were characteristic of glutaraldehyde-fixed nuclei. 

The sarcoplasm was relatively scant as the organelles were in close 
apposition to one another with no lar ge areas devoid of organelles 


(Fig 1). 


Experimental Muscle 


The experimental animals had extensive ventral hemorrhage and 
edema extending from the gracilis muscle to the pectoralis muscles 
on either side of the midline. 

Upon examination with the light microscope, hemorrhage was ap- 
parent between fibers, and focal areas of myonecrosis were observed. 

Electron microscopic observations disclosed various levels of de- 
generation among muscle fibers. Relatively intact fibers were inter- 
mixed with fibers undergoing degeneration. 

The first indication of degeneration was the obvious dilatation of 
the longitudinal sarcotubular cisternae. The characteristic, flattened 
vacuoles swelled and became more prominent as degeneration pro- 
gressed. Vacuoles lying deep to the plasma membrane became swollen 
and many possessed myeloid figures ( Fig 2). During the early dilata- 
tion of the sarcoplasmic reticulum, it retained some organization (Fig 
3) but became more randomly scattered as the swelling increased until, 
in some instances, the cell was nearly 30% vacuoles (Fig 4). As the 
degeneration progressed, the vacuoles became smaller and fewer until 
they were mostly obliterated by the fibrils (Fig 5 and 9). 

The T system remained intact throughout most of the degenerative 
process (Fig 2, 3, and 9). In the later stages, transverse tubules could 
not be readily identified but they might have been present as small, 
randomly scattered. vesicles (Fig 7 and 9). 

With the increase in vacuole size and distribution, the myofibrils 
appeared to atrophv (Fig 4 and 6). The first breakdown in the 
striated appearance occurred with the disappearance of the H band 
and its M line (Fig 3 and 11). The Z line retained the integrity 
and orientation of the myofibril. After the Z line broke down, the actin 
filaments became less apparent. The myosin filaments appeared 
thicker and less discrete (Fig 6). As degeneration progressed, myo- 
fibrillar organization was lost until the protein became long strands 
containing many fine filaments and lacking their complete linear 
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alignment (Fig 7). Degeneration of myofibrils appeared to be com- 
plete when they became an amorphous coagulation of light and dark 
masses (Fig 9). 

Degeneration of the mitochondria seemed somewhat slower than 
that of other organelles. The mitochondrial size and/or the number of 
cristae increased, probably due to the metabolic activity (Fig 3 and 5). 
Extreme mitochondrial degeneration was not apparent before the 
fibrillar components broke down (Fig 2). As the mitochondrial de- 
generation progressed, the cristae ruptured and the mitochondrial 
fragment became surrounded by small vacuoles ( Fig 7). Some ruptured 
mitochondria contained a flocculant material ( Fig 10). 

In early stages of degeneration, the nuclei became pyknotic with a 
dilatation of the double nuclear membrane. As the degeneration 
progressed, the chromatin became densely clumped around the periph- 
ery of the nucleus and made up the greatest portion of the nucleus 
(Fig 11). 

The external lamina remained intact throughout most of the de- 
generative process; only in the latter stages was it destroyed (Fig 8 
and 11). Destruction of the plasma membrane closely paralleled that 
of the external lamina. Some breaks in the plasma membrane were 
seen in degenerating cells ( Fig 4, 7 and 11). 

Glycogen levels appeared to be at nearly normal levels in early 
stages of degeneration, but as the dilatation of the sarcoplasmic 
reticulum increased, the amount of glycogen was diminished. 

In areas of extreme hemorrhage (Fig 12) where the erythrocytes 
were closely packed in the endomysial space, various changes were 
seen. The sarcolemma was broken, and myofibrillar degeneration was 
apparent. The mitochondria were swollen and tightly packed under 
the sarcolemma (Fig 12). There were many areas where the erythro- 
cytes lay closely apposed to myofilaments and mitochondria (Fig 
13). Hemolvsis also occurred in these areas (Fig 8 and 13). A diagram- 
matic summary of these events is presented in Fig 14. 


Discussion 


Myonecrosis of striated muscle has been studied by means of the 
light microscope for some time. The tvpes of injuries that develop 
as a result of various noxious agents vary from minimal cloudy swelling 
of the sarcoplasm to total necrosis of the muscle fiber. Ischemia or 
injection of chemical agents into muscle results in necrosis with pres- 
ervation of a well-marked refractile Z line forming discs or short 
segments. Heat, cold or other physical trauma usually result in frag- 
mentation or shredding of the muscle fibers. 1%? 
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Stenger et al observed ischemic skeletal muscle after intervals of 
6%, 24 and 48 hours. Myofibrillar integrity was maintained as late as 
24 hours after ischemia. However, after a 48-hour interval, degenera- 
tion of the I band and Z line was noted with striking preservation of the 
A band, H band and M line. Glycogen diminished in the skeletal 
muscle fibers in the first 24 hours.?? 

The most marked alterations in the ultrastructure of diaphragm 
muscle after hemorrhagic shock were seen in the mitochondria. They 
swelled and ruptured prior to the swelling of the other intracellular 
organelles.” 

After congestive cardiomyopathy,” alterations in the Z line were the 
primary defect. The most severe lesion was a complete disruption 
of myofibrils adjacent to an irregular Z line. This consisted of an 
unstructured mass containing irregularly arranged intercalated discs. 

In necrosis induced by cold, Price et al observed the disappearance 
of the striations at the I and H bands.? The mitochondria were swollen 
and their cristae disintegrated. The plasma membrane was broken in 
places, but the external lamina remained to constitute the sarcolemmal 
tube. The nuclear chromatin was clumped at the periphery, and the 
outer nuclear membranes contained blebs. The myofibrils became a 
uniform mass of thin filaments and eventually changed into finely 
granular debris. 

In necrosis induced by plasmocid, a drug related to the antimalarial 
drugs primaquine and pamaquine, an early focal dissolution of the I- 
band filaments and the Z line, with eventual disappearance of both 
these structures, was described; yet the A band was remarkably stable.** 
The sarcoplasmic reticulum was observed to be dilated while the T 
system was not changed. D'Agostino used larger doses of plasmocid 
and detected focal loss of the myofilaments including the A band.” 
Aggregates of vesicles under the sarcolemma were also observed. 

Strunk et al described the myonecrotic effect of Clostridium per- 
fringens toxin." The initial lesion was the disruption of the plasma 
membrane. They believe the degeneration of the myofilaments, mito- 
chondria, sarcoplasmic reticulum and nucleus to be secondary mani- 
festations of lesions of the plasma membrane. 

Muscle degeneration due to infection of muscles in suckling mice 
with coxsackie A4 virus was reported by Harrison et al.” They noted 
myofibrillar degeneration with swollen and distorted mitochondria. The 
nuclei were crenated and pyknotic, with margination and condensa- 
tion of chromatin. The nuclear membranes had wide separations. 

Myocardial damage induced by scorpion venom varied with means 
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of injection. Swollen mitochondria, focal destruction of myofibrils and 
sarcoplasmic reticulum resulted, but the cell membrane remained 
intact.** 

Trevino reported loss of myofibrillar organization and clumping 
of material after Crotalus atrox envenomation of porcine muscle.” He 
postulated that this material may be precipitated protein globules. He 
reported irregularly shaped erythrocytes with a dark, granular sub- 
stance adhering to the plasma membrane and thought this material 
might be a conjugation of venom with phospholipids. 

Myonecrosis induced by cobra venom ?? produced complete degenera- 
tion of muscle fibers. The sarcoplasmic reticulum was dilated and 
myofibrils were disoriented, resulting in an amorphous electron-dense 
mass. Complete lysis of the cell was observed within 1 hour after 
the venom was injected. 

In many of the aforementioned experimental lesions, there was 
minimal damage to the plasma membrane and consequently to the 
T system. In the case of Clostridium perfringens toxin, there was 
measurable damage to the plasma membrane, but no reference was 
made to the T system. We have demonstrated that although the 
sarcoplasmic reticulum was very disorganized and swollen in muscle 
fibers damaged by venom from C viridis viridis, a well-organized and 
cohesive T system was still maintained (Fig 4, 5 and 10). 

It is quite evident that the sarcoplasmic reticulum is more susceptible 
to the effects of injurious substances than is the T system?! 

Augustyn et al” correlated swollen mitochondria having broken 
limiting membranes and cristae with respiratory inhibition that 
occurred when isolated mitochondria from rat liver were subjected 
to either crude venom from water moccasins or purified phospholipase 
A obtained from the venom. 

If this correlation is true, we might assume that the mitochondria 
are metabolically active throughout most of the myofibrillar degenera- 
tive process (Fig 4, 5 and 9). The mitochondria are swollen and con- 
densed but still maintain structural integrity, indicating that respiration 
may still be in progress. 

Retention of the Z-line structure may be indicative of its different 
protein complement (tropomyosin) or the very tight interwoven mesh- 
work of its construction ? that prohibits early penetration by the toxins. 

Cytochemical and biochemical studies need to be performed before 
many of these observations can be fully understood. However, snake 
venom-induced myonecrosis may conceivably provide an excellent 
model for studving the mechanisms of muscle degeneration. 
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Legends for Figures 


Fig l— Electron micrograph of a portion of a skeletal muscle fiber from a control 
animal. Z indicates Z line; A, A band; I, | band; H, H band; M, M line; Sr, Satco- 
plasmic reticulum; mi, mitochondria; black arrows, transverse tubules or T system (X 
9000). 


Fig 2—The degenerate fiber at lower left contains many large vacuoles under the 
plasma membrane, some of which contain myeloid figures (long arrows). The separa- 
tion and atrophy of the myofibrils is apparent in this fiber when compared to the 
fiber in Fig 1. Short arrows indicate transverse tubules; Em, endomysial space; F, myo- 
filaments (9000). 


Fig 3——Electron micrograph of venom-injected skeletal muscle. The proliferated 
sarcoplasmic reticulum can be seen as many small vesicles between the myofibrils 
(Fb). The myofibrils are smaller and the H band and M line are less dense than in 
the control muscle. The mitochondria (mi) are enlarged and irregularly shaped. The 
transverse tubules still appear intact. Z indicates Z line (9000). 


Fig 4—Portion of a degenerated skeletal muscle fiber with extreme dilation of the 
sarcoplasmic reticulum (sr). The myofibrils are smaller and the interfibrillar space is 
more abundant than in the control muscle. Myofilaments (F) can be resolved at this 
stage of degeneration. The plasma membrane (PL) is broken at irregular intervals 
and the external lamina appears granular. The nucleus (N) is pyknotic and lacks a 
distinct double membrane. E indicates erythrocyte; mi, mitochondria (9000). 


Fig 5—In this electron micrograph of venom-injected skeletal muscle, the mito- 
chondria (mi) are greatly enlarged and their cristae are abnormally arranged. The 
myofibrils are closely packed together and lack their cross-striated appearance. In- 
dividual myofilaments (F) can be resolved. The vesicles of the sarcoplasmic reticulum 
(arrows) appear fewer and smaller than those in Fig 6. The transverse tubules are 
difficult to identify positively. E indicates erythrocytes (9000). 


Fig 6—This degenerate muscle fiber lacks the characteristic cross striations. The 
thick myosin filaments (arrows) are present but disoriented. The thin actin filaments 
are not discernible. The sarcoplasmic reticulum (sr) is dilated (28,500). 
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Fig 7—Portion of a venom-injected skeletal muscle fiber. The degenerate mitochondria 
(Mi) and disoriented meshwork of myofilaments (F) can be seen. Some of the small 
vesicles (arrows) may be remnants of the transverse tubules. PL indicates plasma mem- 
brane (x 21,600). Fig 8—High-magnification electron micrograph of venom-injected 
skeletal muscle with no plasma membrane or external lamina between the fiber and the 
erythrocyte (E). The myofilaments (F) and sarcoplasmic reticulum (sr) are in irregular 
array. The erythrocyte is hemolyzed (x 28,500). 





Fig 9—In this damaged muscle fiber, the myofilaments have precipitated into an amor- 
phous mass. The filamentous structure is no longer evident, and the mitochondria within 
it are swollen with fewer, shorter cristae. The intrafibrillar space (/S) is greatly increased, 
the mitochondria in this area are more intact. Arrows indicate transverse tubules (x 7950). 
Fig 10—This experimental muscle fiber contains many degenerate mitochondria (mi). The 
mitochondria at the right center of the micrograph contain a flocculant material. Glycogen 
granules can be seen as black dots in the areas near the mitochondria. Arrows indicate 


transverse tubules (x 9000). 
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Fig 11—Electron micrograph of necrotic skeletal muscle. The upper fiber contains a 
pyknotic nucleus (N) and disoriented myofilaments (F). The lower cell contains disrupted 
sarcoplasmic reticulum (sr) and degenerate mitochondrion (mi). The myofibrillar striations 
are faintly visible in the fibrils in the lower right portion of this fiber. The plasma membrane 
(PL) and external lamina are interrupted at various intervals (X 11,600). Fig 12— 
Low-magnification electron micrograph of venom-injected skeletal muscle. Interfibrous 
hemorrhage is prominent along with swollen mitochondria (mi) and disruption of the 
integrity of the myofibrils. E indicates erythrocytes (x 2600). 


Fig 13—Electron micrograph showing the 
relationship between the damaged fibers and 
the erythrocytes. In areas of extreme hemor- 
rhage (Fig 12), the erythrocytes were in close 
apposition to the muscle fibers with no plasma 
membrane or external lamina separating 
them. The myofilaments (F) seemed to fuse 
directly with the hemolyzed erythrocyte (E). 
Mitochondria indicated by mi (x 28,500). 
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Fig 14—Diagrammatic representation of myonecrosis after rattlesnake envenomation. 
A depicts a normal fiber and F is that same fiber 3 hours after venom injection. All the 
sequences shown above can be seen in the electron micrographs presented in the text. 
N indicates nucleus; m/, mitochondria; sr, sarcoplasmic reticulum; Fb, myofibrils; arrows 
transverse tubules. 


Light and Electron Microscopic Studies of 
Rat Kidney After Administration of 
Inhibitors of the Citric Acid Cycle In Vivo 


II. Effects of Sodium Malonate on Proximal Convoluted 
Tubule 


Elizabeth M. McDowell, PhD 


The morphologic changes that occurred in the proximal convoluted tubule of the 
rat after sodium malonate at 888 mg and 1776 mg/kg of body weight was 
injected have been studied by light and electron microscopy. Mitochondrial 
matrix swelling and loss of matrix granules and an increase in the smooth- 
surfaced endoplasmic reticulum were early changes. Varying degrees of cyto- 
plasmic rarefaction occurred during the first 3 hours. Marked cytoplasmic swelling 
occurred only in female rats. Intracristal dilatation accompanied cytoplasmic 
rarefaction but there was no evidence that the mitochondrial matrix was con- 
densed as judged by its electron density. During the early stages, dilatation of 
the rough endoplasmic reticulum was not necessarily associated with cytoplasmic 
rarefaction but varying degrees of dilatation occurred at later time intervals in 
the swollen cells. The changes appeared for the most part to be reversible. Focal 
areas of tubular necrosis occurred in a few rats. (Am J Pathol 67:141—158, 1972) 


THE MORPHOLOGIC CHANGES that occur in the proximal con- 
voluted tubules of the rat after administration of three agents that in- 
hibit the citric acid cycle have been studied.' The effects of sodium 
fluoroacetate poisoning have been described in a previous paper.” The 
present paper describes those changes occurring in the tubules after 
a single subcutaneous dose of sodium malonate (CH2(COONa):). 

After studies on the in vivo accumulation of citrate in the tissues 
of fluoroacetate-poisoned rats,” it was found that injection of sodium 
malonate, either before or simultaneous with fluoroacetate, reduced 
the amount of citrate that accumulated.' This was called sequential 
blocking.* After dosing with sodium malonate, tissue succinate levels 
were raised and were greatest at 1 hour, at a time when tissue malonate 
levels were highest, providing evidence that malonate had inhibited 
the citric acid cvcle at the level of succinic dehydrogenase. 
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Malonate may cause metabolic disturbances by chelation of metal 
ions and varying degrees of inhibition of other enzyme systems but 
it is assumed to produce its major effect on metabolism by disturbing 
the citric acid cycle by competitive inhibition of succinic dehydro- 
genase." 


Materials and Methods 


The kidneys of young, 120—300 g, Hooded Lister rats of both sexes were ex- 
amined; of these 8 served as controls (Table 1). The rats received a standard 
cube diet and water ad libitum until the start of the experiments. After being lightly 
anesthetized with ether, they were injected intraperitoneally with pentobarbital 
sodium and then the control or test solution was injected subcutaneously. Sodium 
malonate (laboratory reagent, British Drug Houses Ltd) was given as a 0.5 or 
1.0 M aqueous solution at 1.2 ml/100 g body weight (888 and 1776 mg/kg, 
respectively). The pH of the solution was 7.2 and the osmolality of the 1.0 M 
solution measured 2500 m osmols. Seven control rats received an equal volume of 
near-equiosmotic sodium chloride solution, subcutaneously. The osmolality of 
1.28 M aqueous sodium chloride measured 2400 m osmols and when given at 
1.2 ml/100 g, the rats received sodium chloride at 888 mg/kg body weight. One 
control rat received an equal volume of physiologic saline (Table 1). 

Urine was withdrawn from the bladder just before perfusion fixation. Urine 
pH and the presence of blood, glucose and protein was tested for with Hema- 
Combistix reagent strips; ketonuria was tested for with Acetest reagent tablets 
(Ames Co, Stoke Pages, United Kingdom). The presence of protein was con- 
firmed by the sulfosalicylic acid test.* 

Additional ether anesthesia was given as required and the kidnevs were fixed 
by intravascular perfusion of glutaraldehyde as previously described.*? For electron 
microscopy, 1 mm cubes of cortex of one kidney were postfixed in 2% OsO, in 
Veronal acetate buffer and the cubes were soaked in 0.5% uranyl acetate * for 16 


Table 1—Fixation Schedule 


ttt rer ee lebe RERUM A ME 


No. of rats at each time interval 
(hours after dosing) 
Malonate NaC|  -———————— M M— ————— ——— - 


No. of rats Sex (mg/kg) (mg/kg) 1/2 l. 2 3 à 6 12 24  . 48 
Boh dod PR ge a eg REN NM RR RR RR a 
Test 
MEETS 

4 M 888 2 1 1 
5 F 888 1 2 1 1 
13 M 1776 2 2 2 2 1 1 2 1 
16 F 1776 2 2 2 2 2 2 2 1 1 
Total = 38 
Libo MO NER e a aaa cr UR E 
Control 
UEM eT 
1 F 108 1 
2 M 444 1 I 
2 M 888 1 1 
3 F 888 1 I 1 
Total = 8 
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hours before dehydration in graded alcohols. The tissue was embedded in Araldite. 
Thick (0.5 to 1.0 u) and thin sections were cut with glass knives on a Huxley 

ultramicrotome (Cambridge Instrument Co, United Kingdom). Thick sections for 
light microscopy were stained with alkaline toluidine blue solution.” Thin sections 
were mounted on uncoated copper grids and stained with lead citrate," before 
examination in a Siemens Elmiskop Ib microscope. 

For light microscopy, the remainder of one kidnev and the opposite one were 
put into formol saline and embedded in paraffin. Five-micron-thick sections 
were stained with hematoxylin and eosin (H&E) and by the periodic acid—Schitt 
method (PAS). Before PAS staining, sections were brought to water and soaked 
in aqueous Dimedone (British Drug Houses Ltd, Dorset, United Kingdom) for 
24 hours to block the free aldehyde groups produced by g glutaraldehy de fixation. 


Results 


Control 
Urine Tests 

Blood, protein, glucose and ketone bodies were absent. Between 30 
minutes and 3 hours, urine was very dilute from those rats that had 
received hypertonic sodium chloride solution. 


Light Microscopy 

The proximal convoluted tubules of rats that had received hypertonic 
sodium chloride solution showed no obvious abnormalities and the 
morphology of the first and second segments, S, and S., appeared as 
previously described.'” 


Electron Microscopy 

The ultrastructure of the tubules of rats that had received hypertonic 
solutions of sodium chloride was similar to that already described in 
rats given physiologic saline.” The typical appearance of an S, tubule 
2 hours after dosing with 888 mg/kg sodium chloride is shown in Fig 1. 
The mitochondrial matrices had considerable electron density and 
contained dense matrix granules, the intracristal spaces were not di- 
lated. Small chains of rough-surfaced endoplasmic reticulum (RER) 
and polysome groups were  scatiered in the cytoplasm. Aggregates of 
smooth-surfaced endoplasmic reticulum (SER) were not seen in con- 
trol cells and the SER was seen onlv as cuffs around microbodies and 
as profiles running parallel to the lateral cell membranes as the para- 
membranous tubular or cisternal system, (pes). "= The cytoplasm was 
relatively electron-dense. 


Malonate Poisoning 


General Condition of Poisoned Rats 
None of the rats died before the scheduled time of killing after re- 
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ceiving 1776 mg/kg subcutaneously. Anesthetic was given to the rats 
at the time of dosing to alleviate any discomfort that the rats might 
have suffered from receiving a large volume of hypertonic solution 
subcutaneously. The anesthetic effects wore off within 1-2 hours and 
male rats showed no obvious toxic symptoms but after the higher dose 
some female rats were very quiet and sat with their backs arched. 


Urine Tests 


Hematuria did not occur and pH values were within the control 
range. Between 30 minutes and 3 hours, urine was very dilute. After 
both dose levels, a proteinuria (100-300 mg/100 ml) was recorded 
between 2 and 6 hours with Hema-Combistix strips but the sulfosalicylic 
acid test did not confirm this. Ketone bodies were detected between 
30 minutes and 6 hours. Glycosuria did not occur after 888 mg/kg 
but a “light” positive was recorded from 2 female rats at 2 and 3 hours, 
respectively, after 1776 mg/kg. 


Light Microscopy 

Paraffin Sections. Abnormalities were not apparent in some rats 
while in others, varying degrees of increased eosinophilia, granularity 
and swelling of the cytoplasm occurred during the first 3 hours after 
1776 mg/kg; the most severe changes occurred in female rats. Ab- 
normalities were not seen after 4 hours except for necrotic foci in the 
proximal tubules and eosinophilic PAS-positive casts in distal tubules 
and collecting ducts of 2 female rats at 12 hours. Medullary casts were 
seen in 1 female at 48 hours. 

Araldite Sections Stained with Alkaline Toluidine Blue Solution. 
The mitochondria stained less densely and some cytoplasmic and nu- 
clear pallor occurred in tubules of both sexes during the first hour after 
888 mg/kg. During the first 3 hours, similar changes ocurred in male 
rats after 1776 mg/kg. More severe changes were seen in 4 female 
rats; the cytoplasm was swollen and pale and the mitochondria were 
densely stained in contrast. No segmental distribution occurred. From 
6-48 hours, abnormalities were not apparent at the light microscopic 
level with the exception of females showing focal necrotic changes. 


Electron Microscopy 


At 30 Minutes After 1776 mg/kg. The numbers of apical vacuoles 
had increased in some cells, the mitochondrial matrices were pale and 
swollen and matrix granules were absent (Fig 2). Cytoplasmic pallor 
was seen in some cells of the female rats and polysome groups were 
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dispersed (Fig 5). Aggregates of SER were seen in both sexes; thev 
appeared to be most common in S, tubules and were associated with 
the pes and SER cuffs around microbodies. Microtubules were some- 
times seen near to the aggregates (Fig 5). 

At 1 to 4 Hours; Mild Changes After 888 and 1776 mg/kg. In less 
severely affected rats, changes were similar at both dose levels. The 
mitochondrial matrix density was increased compared with that seen 
after 30 minutes, although it remained less than that of the controls. 
Moderate pallor of the cytoplasm occurred in some cells and was at 
times more marked at the cell base; widening of the intracristal space 
occurred in some mitochondria simultaneous with this change (Fig 3). 
The RER was not dilated. 

At 1 to 3 Hours; Severe Changes After 1776 mg/kg. Severe changes 
occurred in 4 of the 6 female rats studied. Cytoplasmic swelling was 
marked and the mitochondria were swollen due to dilatation of their 
intracristal spaces; however, the matrix density was comparable with 
that of control mitochondria (compare Fig 1 and 4). Some mitochondria 
assumed bizarre shapes (Fig 4). The brush border was lost only from 
very swollen cells (Fig 9) and some apical dense tubules were retained 
(Fig 4 and 9). Normal dense cytosomes persisted but, in addition, 
numerous small single-membrane-bound dense bodies, 100—500 mu in 
diameter, were seen in all regions of some cells (Fig 4); images sug- 
gestive of budding were observed (Fig 4, inset). The ribosomes were 
reduced in number and were dispersed (Fig 4 and 6) and in many 
cells the identity of the RER was lost. Aggregates of SER persisted and 
retained their association with microbody cuffs (Fig 6) and the pes. 
Extensive dilatation of the ER occurred in some cells at 2 and 3 hours 
and dilated profiles were seen partially trapped within cupped mito- 
chondria (Fig 9) so that in favorable planes, profiles of dilated ER 
appeared to be trapped within them (Fig 8). The Golgi apparatus 
was recognizable and the cisternae were not dilated (Fig 7). Smooth- 
membrane ring forms were seen spatially related to the Golgi apparatus 
and also in the apical cell regions (Fig 8). Necrosis was not observed 
at these times. 

At 6 hours. The effects of malonate at 888 mg/kg were not studied 
after 4 hours ( Table 1). After the higher dose, the mitochondria of 
the tubules of the female rats were a little swollen, the matrix density 
was reduced and matrix granules were absent. The cvtoplasm appeared 
normal, SER aggregates were not observed, nor was autophagy in- 
creased. No abnormality was seen in the male rat. 

At 12 hours. Abnormalities were not seen in the male rat and many 
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tubules appeared normal in the females. In the latter, however, focal 
groups of necrotic cells were seen intercalated between viable cells. In 
some cells, cytoplasmic volume was reduced, the mitochondria were 
tight-packed and the nuclei were pyknotic (Fig 10). Interdigitating 
with these “dehydrated” cells were necrotic cells characterized by 
grossly swollen, pale mitochondria; flocculent densities were seen in 
their matrices (Fig 10). Bare basement membrane was not seen and 
where cells had sloughed, processes from adjacent viable cells had 
spread to cover it. 

At 24 and 48 hours. The tubules appeared normal at both time 
intervals. 


Discussion 
Biochemical Lesion 


During this study, biochemical parameters were not investigated 
but the doses used were comparable with those used in some previous 
studies of the biochemical and functional consequences of poisoning. 
These will be discussed and where relevant a tentative interpretation 
of the morphologic changes will be made. 

Succinate accumulation was highest in the kidneys and greatest at 
l hour after subcutaneous injection of 1.0 M sodium malonate at 1.2 
ml/100 g body weight; at 2 hours succinate levels had fallen. The 
same dose was used in the present study. The abilitv of the rat kidney 
to accumulate p-aminohippurate was depressed during the first hour 
but rose steadily thereafter after 1 g/kg body weight." These find- 
ings indicate that the maximum inhibition of succinic dehydrogenase 
activity is during the early stages of poisoning and it may be that 
the changes seen in the kidneys after the first hour in the present 
study were not a direct expression of succinic dehydrogenase inhibition. 
Mudge * claimed that oxidation of fatty acids in kidney slices was 
inhibited by concentrations of malonate lower than that required for 
complete inhibition of succinate oxidation and that inhibition of electro- 
lyte transport in kidney slices induced by malonate was not mediated 
by inhibition of a specific enzyme. 


Dose Response and Site of Action 


Advanced cellular swelling and necrosis occurred in only a proportion 
of female rats after the higher dose of malonate. The distribution was 
not segmental, as occurred during fluorocitrate poisoning.’ The sex dif- 
ference may not be significant as small numbers of rats were used and 
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sex variations were not apparent in histochemical studies made on 
another series of rats.! 


Mitochondrial Changes 
Swelling of Mitochondrial Matrix 

Succinic dehydrogenase is an integral part of the inner mitochondrial 
membrane '* and succinate will accumulate, presumably within the 
matrix, upon inhibition of the enzyme. Swelling of the matrix, accom- 
panied by pallor and loss of matrix granules, was one of the earliest 
changes seen. Expansion of the matrix is associated with water uptake,” 
which would be expected in order to equilibrate osmotic pressures 
between the mitochondrial matrix and the cytoplasm. The significance 
of the loss of the matrix granules is not understood. The dense granules 
are thought to be binding sites for cations; Mg** may be the major 
cation." Malonate is a chelating agent" and loss of granules may be 
related to this. 

Mitochondrial “spheroids,” with swollen matrices of low density, frag- 
mentation of cristae and floccular dense matrix deposits, are typical 
of necrotic change and have been described during necrosis induced 
by many noxious agents.'® This change is irreversible and is associated 
with loss of selective permeability of the cell membrane. Necrotic 
mitochondria were seen only in 12-hour female rats, and the cellular 
and mitochondrial changes immediately preceding the necrotic state 
could not be followed in detail. 


Mitochondrial Morphology in Relation to Cell Swelling 


The study of mitochondrial metabolically linked structural organiza- 
tion is in its infancy and in the absence of metabolic data any in- 
terpretation of the present observations can only be speculative. 

Failure to maintain cell volume may be due to an impaired sodium 
pump, resulting either from insufficient ener gy production or from a 
failure to utilize energy. Adenosine triphosphate (ATP) ” and a 
Na*, K*-activated adenosine triphosphatase ( ATPase) ?*?? are thought 
to be involved in extrusion of Nat from the cells. Protein anions are 
the only nonpermeable intracellular ions and the inter nal concentration 
of cations is held constant by active transport and extrusion of Na*, 
in effect rendering the cell impermeable to them. Failure to inani 
the pump produces imbalance in the internal osmotic pressure and the 
cells will swell until they rupture or become permeable to protein.” 
Depression of metabolic activity is associated with an isosmotic increase 
in cellular hydration.” 
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Condensation of the mitochondrial matrix judged upon an increased 
electron density did not occur at anytime and dilatation of the in- 
tracristal space occurred secondary to rarefaction of the cell Sap, 
indicative of a continuous phase between the cytoplasm and the outer 
mitochondrial compartment.** Mitochondrial morphology in the swollen 
cells superficially resembled that seen in swollen cells during fluoroci- 
trate poisoning but, in the latter, condensation of the mitochondrial 
matrices preceded and heralded cellular hydration, indicating that the 
condensed mitochondrial form was linked with the inability to main- 
tain cellular volume.’ During malonate poisoning, cy toplasmic swelling 
occurred at times when succinic dehydrogenase activity was probably 
partially restored (vide supra) and the change may be attributed to 
chelation of cations, which are essential for maintenance of normal 
intra- and extracellular cation levels. Malonate at 10 mM will reduce 
Mg++ by 49% and Cat? by 23% in Krebs Ringer solution. In the ab- 
sence of Cat+ , the passive leak of Na* into kidney cells is increased.” 
Necrosis was not seen when the hydropic change was widespread at 
2 and 3 hours and the change appeared for the most part to be reversible 
but it progressed in some cells to necrosis, apparently preceded by an 
intermediate stage when the cytoplasmic volume was reduced. 


Comments on Other Organelles 


Apical Structures 
Primary changes in the brush border and related structures were 
not observed during malonate poisoning. 


Endoplasmic Reticulum and Ribosomes 


Augmentation of the SER occurred early. The SER was sparse in 
control cells and this must represent synthesis de Hove: It did not occur 
during fluoroacetate ” or fluorocitrate poisoning.’ The significance of 
the change in renal cells is unknown ? but inhibition of succinic de- 
hydrogenase may be an associated factor. An increase in SER was 
described during CCI, poisoning, when quantitative analysis showed 
a decrease in enzyme activity in the kidney.” The SER was also in- 
creased early during mercuric chloride poisoning."?' In the present 
study, aggregates of SER were not seen after 3 hours and their fate 
was obscure. The aggregates were stable when the cytoplasm was 
swollen and at times when dilatation of the RER was marked. 

Dilatation of the RER has been reported in many types of cellular 
injury. In the present study, mitochondrial change always preceded 
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dilatation and undilated cisternae were seen in some cells where the 
cytoplasm was rarefied. The sequence of differential expansion of sub- 
cellular compartments during cell injury has been discussed ** and this 
finding is at variance with the pattern described. Obvious fragmenta- 
tion of the RER did not occur in the proximal tubule. 

Dissociation of polysome groups occurred in the swollen cells. The 
factors responsible for the maintenance of polysome groups are poorly 
understood. Polysome groups consist of several ribosomes bound by a 
strand of mRNA; Mg** is involved in the binding.? Chelation of 
Mg* * by malonate may be one factor involved in polysomal disagre- 
gation. 


The Golgi Apparatus, Related Structures and Cytosomes 


The Golgi cisternae were recognizable in swollen cells and were not 
dilated at times when the RER cisternae were. Maintenance of the 
Golgi apparatus may be an important factor governing the potential 
reversibility of cellular damage. 

The significance of the smooth-membrane ring forms is unknown. 
Similar forms were seen during fluoroacetate'* and fluorocitrate 
poisoning.’ 

Autophagy did not occur above control level and the fate of the 
SER aggregates was obscure, which is similar to the situation reported 
in phenobarbital-induced SER hypertrophy in the liver.” 

Budding from what appeared to be dense cytosomes occurred only 
in swollen cells. The change appeared to be reversible and cytosomes 
were unchanged in cells where cytoplasmic density was normal. The 
cause of the change is unknown. 
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Legends for All Figures 


Figures 1—10 are electron micrographs. All tissue was stained en bloc with uranyl 
acetate-followed by lead citrate stain on the grids. 


Fig 1— Control, 2 hours after 888 mg/kg NaCl. Typical appearance of cells of S, after 
dosing with hypertonic sodium chloride solution. Tubular invaginations are seen at 
the bases of the microvilli (arrows) and the apical cytoplasm is filled with tubular 
images and apical vesicles; larger apical vacuoles (AV) lie below their level. Cyto- 
plasmic interdigitation is well developed and long mitochondria lie perpendicular to 
the basement membrane (BM). The mitochondrial matrices have considerable elec- 
tron density, matrix granules are present and the intracristal space is not dilated. 
Small chains of rough-surfaced endoplasmic reticulum and polysomes are scattered 
in the cytoplasm (x 16,000). 

Fig 2—30 minutes after 1776 mg/kg malonate, male rat. Normal apical structures 
are retained but the numbers of apical vacuoles (AV) are increased. The mitochondrial 
matrices are swollen and electron density is low; matrix granules are absent. Normal 
cytoplasmic density is retained ( 16,000). 


Fig 3—1 hour after 1776 mg/kg malonate, male rat. Apical structures appear normal. 
The mitochondrial matrix density is lower than in control cells (Fig 1) but is greater 
than at 30 minutes (Fig 2); matrix granules are absent. (The dark spots in the central 
mitochondrion result from blemishes in the photographic plate.) The cytoplasmic 
density is largely retained in the apical regions but is lost in the basal areas (large 
arrows). Some intracristal spaces are dilated in those mitochondria lying in the rare- 
fied cytoplasm (small arrows). The ribosomes remain in polysome groups (x 16,000). 


Fig 4—2 hours after 1776 mg/kg malonate, female rat. The cytoplasm is hydropic 
and the cells are swollen but microvilli (mv) and some apical tubules are retained 
(top right). The ribosomes are ill-defined and scattered; the rough-surfaced endo- 
plasmic reticulum has lost its identity but some smooth-membrane profiles persist 
and the paramembranous cisternal system is recognizable (small arrows). The Golgi 
apparatus (G) retains its identity. The mitochondria are swollen due to dilatation of 
the intracristal space but the matrix density is not above that of control cells (Fig 1). 
The mitochondria assume bizarre shapes; Ml and M2 probably represent cup-shaped 
mitochondria cut in different plane of section. In addition to normal dense cytosomes, 
small dense cytoplasmic bodies are numerous at all cell levels. A "light" glycosuria 
was associated with this degree of cellular damage (x 16,000). Inset —Apparent 
budding of a dense cytoplasmic body. The dense contents have segregated into three 
distinct zones inside the limiting membrane (x 33,000). 

Fig 5—30 minutes after 1776 mg/kg malonate, female rat. Cytoplasmic rarefaction 
occurred early in some tubules, the ribosomes are scattered. The mitochondrial 
matrix retains electron density and the intracristal space is not dilated. An aggregate 
of smooth-surfaced endoplasmic reticulum is closely associated with the cuff around 
a microbody (Mb). A microtubule (T) traverses the cytoplasm (x 23,000). 

Fig 6—1 hour after 1776 mg/kg malonate, female rat. Aggregates of smooth-surfaced 
endoplasmic reticulum persist in hydropic cells and their relationship with microbody 
cuffs is maintained. The paramembranous cisternal system (arrow) is stable. The 
microbody matrix (Mb) is floccular. The intracristal space is dilated ( 19,000). 

Fig 7—1 hour after 1777 mg/kg malonate, female rat. The Golgi apparatus (G) 
retains its identity in the hydropic cell; the electron density of the cisternal content 
is not increased. The intracristal space is dilated but the mitochondrial matrix density 
is not increased (x 37,000). 

Fig 8—3 hours after 1776 mg/kg malonate, female rat. A ring form (rf) is present in 
the apical cytoplasm of a hydrated cell. The central area within the mitochondrion is 
thought to be a dilatation of the endoplasmic reticulum (see Fig 9) (x 27,000). 

Fig 9— 3 hours after 1776 mg/kg malonate, female rat. The brush border is retained 
in the cell on the left but is lost from the domed cell apex of the cell at the right. 
Normal apical structures persist despite cytoplasmic rarefaction (small arrows). 
Dense cytosomes appear normal (base). The clear vacuoles at the base are dilated 
profiles of endoplasmic reticulum. A mitochondrion is cupped around one of them 
(large arrow) (x 8200). 

Fig 10—12 hours after 1776 mg/kg malonate, female rat. Cytoplasmic volume is 
much reduced in the central cells and they consist of tightly packed mitochondria; 
some appear dark and some light. Matrix densities are not seen. The nucleus (N, top) 
is pyknotic. Typical necrotic change has occurred in adjacent and interdigitating cells 
and the mitochondria are palely staining spheroids; the cristae have fragmented and 
dense matrix deposits are seen (arrows) (x 8500). 
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Macrophage Accumulation, Division, Maturation, and 
Digestive and Microbicidal Capacities in 
Tuberculous Lesions 


I, Studies Involving their Incorporation of Tritiated 
Thymidine and their Content of Lysosomal Enzymes 
and Bacilli 


Kiyoshi Shima, MD, Arthur M. Dannenberg, Jr, MD, Masayuki Ando, 
MD, Saroj Chandrasekhar, PhD, Judith A. Seluzicki and Jacob I. 
Fabrikant, MD 


Dermal and pulmonary tuberculous lesions were produced in rabbits with BCG, 
biopsied, incubated in vitro with tritiated thymidine (?HT) under hyperbaric 
oxygen, quickly frozen, sectioned in a cryostat, stained for the lysosomal enzyme 
§-galactosidase, autoradiographed, stained for acid-fast bacilli and counterstained 
with hematoxylin. As macrophages developed into epithelioid cells, they could 
still divide—ie, incorporate “HT. However, once they became fully mature 
epithelioid cells that were 4-plus in f-galactosidase, they could not do so. Tubercle 
bacilli did not stimulate macrophage division. On the contrary, macrophages 
containing bacilli did not divide, except when the lesions began. During the 
development of tuberculous lesions, macrophages (including those rich in enzymes 
and those containing bacilli) died, forming caseous centers. Therefore, local cell 
division did not seem to be the main mechanism by which macrophages reduced 
their bacillary load. Such division seemed mainly to occur in young macrophages 
that had recently immigrated into the lesions from the bloodstream and had not 
yet ingested bacilli. 


a 


THE ABILITY OF MACROPHAGES? to destroy or inhibit the 
growth of tubercle bacilli within their cytoplasm determines both 
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the native and acquired resistance of the host to tuberculosis.’ A large 
part of the effectiveness of these cells in controlling this disease is due 
to their ability to manufacture new lysosomes containing bactericidins 
and digestive enzymes ?^* and then to discharge the contents of these 
lysosomes into vacuoles containing the bacilli.’ An additional way in 
which macrophages might control the intracellular growth of bacteria 
involves the divide-and-rule principle. Every time the phagocyte under- 
goes mitosis, it halves its bacterial load. Alternatively, the death of 
macrophages containing bacilli and the uptake of these bacilli by many 
new macrophages produce the same result. Light loads of intracellular 
bacilli should be more easily eliminated bv the phagocytes than heavy 
loads. 

This first report on macrophage accumulation, division, maturation 
and digestive and microbicidal capacities in tuberculous lesions de- 
scribes the relation of macrophage division to their content of lysosomal 
enzymes and tubercle bacilli. A second report? describes their rate 
of entry and how long they continue to divide in the lesions. A third 
report" describes macrophage turnover and its relation to acquired 
cellular immunity. 


Materials and Methods 


Animals 


Randomly bred New Zealand white 2-3 kg rabbits of both sexes were employ ed. 
Tuberculous lesions produced in rabbits closely resemble those of man in the 
growth and destruction of tubercle bacilli within macrophages and in the amount 
of caseation and liquefaction present.! Necropsies were performed on all animals 
to assure the absence of other grossly evident diseases. 


Bacilli 


The Phipps strain of BCG, maintained in our laboratory on Lowenstein- 
Jensen's egg medium, was prepared for intradermal or intravenous injection, ac- 
cording to the pr aceduie previously described.!*?.!! 

Since isolated bacilli would be easily destroyed and hard to find in the lungs, 
the BCG suspension injected intravenously was not centrifuged to remove the 
bacillary clumps. Such clumps gave rise to 1-day pulmonary lesions that were 
readily visible under the microscope. 

The virulent human strain of tubercle bacillus (H..Rv) and the virulent bovine 
strain (Ravenel) were obtained from Trudeau Institute, Ine, Medical Research 
Laboratories, Saranac Lake, NY 12983. They were aerosolized: by Dr. William G. 
Roessler at Fort Detrick in a modified Henderson apparatus to ex (pose the rab- 
bits (see Dannenberg et al 17). Tuberculin reactions were produced by the intra- 
dermal injection of a 1:10 dilution of old tuberculin (Eli Lilly and Co, Indianap- 
olis, Ind 46206) and measured 2 days later with calipers.!? 
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Preparation of Biopsies of Dermal BCG Lesions: In Vitro Incubation with ?HT; Staining 


for -Galactosidase and Acid-Fast Bacilli; Autoradiography and Methods of Counting 
“H-Labeled MN 


These lesions were measured with calipers and biopsied according to the 
methods described by Kambara et al!" 

The biopsies were cut into pie ces 1 and 2 mm thick and incubated while shaking 
at 37 C for 1 hour under 100% oxygen at 3 atmospheres of pressure !? in the pres- 
ence of tritiated thy midine (“HT) (1.0 uCi/ml Medium 199 with 20% fetal calf 
serum added ).*-* The specimens were then quickly frozen in isopentane that was 
brought to its Genie point in liquid nitrogen, They were then placed on a dry- 
ice block and the isopentane allowed to evaporate. Subsequently, they were sealed 
in Parafilm (Marathon Products Div, American Can Co, Neenah, Wisc) and 
stored at —23 C for a varying number of weeks. For sectioning at 8 u in an Inter- 
national cryostat, they were mounted, without thawing, on brass microtome 
mounts resting on dry ice with the aid of an embedding matrix for frozen sec- 
tioning (MI “embedding matrix, Lipshaw Manufacturing Co, Detroit, Mich 
48210). 

The frozen sections were placed on glass slides (kept at room temperature) and 
then dehydrated in vacuo over silica gel usually for 5$ to 20 hrs.* The sections were 
fixed for 4 minutes in cold buffered 1.25% glutaraldehyde, 14 rinsed in saline and 
incubated overnight in Pearson's indoly] substrate !^ for D-galactosidase (5-bromo- 
4-chloro-3-indolyI-B-D-galactoside, Cyclo Chemical Division of Travenol Labora- 
tories, Inc, Los Angeles, Calif 90001, prepared according to methods previously 
described by our laboratory) .4.4 They were then rinsed in distilled water, fixed for 
4 minutes in 20:2:1 fixative (20 parts 70% ethanol, 2 parts 10% neutral formalin, 
1 part glacial acetic acid—mixed within 1 week of use) and air-dried. Within 2 
weeks, they were dipped in nuclear emulsion (Nuclear Emulsion K-5, Ilford Ltd, 
Ilford, Essex, EON r Kodak Nuclear Emulsion, Type NTB2, Eastman je 
Co, Rochester, NY), dui and stored at 4 C in a light-tight box, usually for 
weeks. The autoradiogr aphs were then developed in Kodak D19 solution, fixed in 
Kodak acid fixer, washed with tap water, stained with carbolfuchsin, followed by 
acid-alcohol, counterstained with hematoxylin, dehydrated in alcohols of ascend- 
ing concentration, and mounted with Permount (No. SO-P-15, Fischer Scientific 
Co, Fair Lawn, NJ) under coverslip. Only mononuclear cells (MN) with nuclear 
“HT labeling were counted, although occasionally cytoplasmic labeling was seen. 
The latter could arise from the ingestion of labeled dead cells by these phago- 
cytes. 

Established dermal lesions usually had necretic centers surrounded by tuber- 


9? Thymidine-methyl’H with specific activity at 16.6 to 20.2 Ci; ‘mmole: New England 
Nuclear Corporation, Boston, Mass 02118 (catalog No. NET- 027X); or thymidine- 
methyl-*H with specific activity of 13.4 Ci/mmole: Schwartz Bióhesearchi Inc, Orange- 
burg, NY 10962 (catalog No. 2632.97). Medium 199, Earle base, pH 7.0 - 03 ( catalog 
No. 71-026S), and fetal calf serum, pooled, no preservative (catalog No. 50509): Balti- 
more Biological Laboratories, Cockey sville, Md 21030. 

* This procedure is not an organ culture or a true cell culture. It is merely a short-term 
supportive measure in which cells in S phase of their mitotic cycle (w thich lasts about 8 
hours) continue DNA synthesis under adequate nutritional conditions. Increasing the 
oxygen tension increases the amount of tissue that is fully oxygenated. Cells at the end of 
the C; phase may enter the S phase and also become labeled during the 1-hour incubation 
period. 

f This method of preparation, developed by Dr. Robert G. Wyllie of our pathology 
department, excellently preserves various tissue enzymes. 
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culous granulation tissue containing -galactosidase-positive MN (see Fig 1). 
This proximal granulation tissue was in turn surrounded by granulation tissue of 
more recent origin usually containing f-galactosidase-negative MN. We counted 
only the MN in areas containing (k-galactosidase-positive cells—ie, most of the 
non-necrotic area depicted in Fig 1. In other words, the MN in the peripheral 
granulation tissue were not included in our evaluation of either MN activation 
(D-galactosidase content) or MN division (?HT incorporation). Since ?HT did 
not penetrate deeply into the tissue specimen, only MN in the outer portions of 
the biopsies were counted. 


Preparation of Specimens of Pulmonary Tuberculous Lesions 


Pieces of pulmonary tissue (3-4 mm in diameter) were obtained immediately 
after the rabbit was killed by air embolism. They were incubated as above in 
SHT under hyperbaric oxygen for 1 hour. Specimens containing virulent bacilli 
were then fixed in the 20:2:1 fixative, embedded in paraffin, cut at 8 u and pre- 
pared for autoradiography and subsequent staining as just described. Specimens 
containing BCG were frozen, placed on brass microtome mounts, cut at 8 u and 
processed as the dermal biopsies. 

Lung specimens consisted of three regions (Fig 2): (a) a central necrotic core, 
(b) a perifocal area of MN and (c) a surrounding alveolar area. The MN in 
area b and those in area c were usually evaluated separately (see Table 3). Be- 
cause of poor penetration of “HT, only lesions near the outer surface of the lung 
specimen were counted. 


Administration of Intravenous Tritiated Thymidine (3HT) 


To rabbits bearing dermal and pulmonary BCG lesions, "HT was given as a 
single intravenous pulse (0.5 uCi/g of body weight) 30 or 60 minutes before sacri- 
fice. The purpose and details of these experiments are described below. 


Experimental Data and Results 


lous Lesions 


The following experiment was performed for this purpose. Eight 
rabbits were injected intravenously with 2.8 x 10° viable BCG (opacity, 
1.100)* to produce pulmonary lesions, and also intradermally with 
1.0 X 10° viable BCG (opacity, 0.400) in each of eight sites to pro- 
duce skin lesions. Ten davs later when their tuberculin reactions were 
moderate (about 200 cu mm), 4 rabbits were injected intravenously 
with °HT (0.5 uCi/g) and 4 were injected intravenouslv with saline. 
They were sacrificed 30 or 60 minutes later. Biopsies of skin and pul- 
monary lesions from the *HT-injected rabbits were frozen in semisolid 
isopentane, sectioned, stained for f-galactosidase and bacilli, and auto- 
radiographed. Biopsies of skin and pulmonary lesions from the saline- 


? The opacity of the bacillary suspension is the optical density reading at 540 nm 
made in a 1.25-cm test tube in a Bausch and Lomb Spectronic 20 spectrophotometer. It 
is an index of the total number of (live plus dead) bacilli injected. 
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injected rabbits were first incubated for 1 hour with *HT (1.0 uCi/ml) 
in vitro under hyperbaric oxygen and then similarly prepared. 

The results, presented in Table 1, showed that the in vitro method of 
labeling with “HT was less effective than the in vivo method, in spite 
of the fact that only MN in the outer portions of the ín vitro incubated 
biopsies were counted. In both skin and lung lesions, the in vitro method 
labeled about half as many mononuclear cells. This result may be due 
to mild cell injury ( possibly from anoxia or trauma) during the biopsy 
procedure. In vitro results were more comparable to those in vivo with 
MN in the alveolar spaces surrounding the pulmonary lesions. Possibly 
the sponge-like nature of this region reduced the amount of anoxia. 

Rabbits sacrificed 30 minutes after the intravenous (iv) injection of 
"HT showed the same percentage of labeled MN in their lesions as 
rabbits sacrificed 60 minutes after iv “HT. This result was not un- 
expected because the duration of ?^HT incorporation into DNA 
(ie, the duration of the S phase of the mitotic cycle) is usually 8 
or more hours. This result also indicated that few additional ?HT- 


Table 1—Comparison of In Vitro and In Vivo Methods of *HT-Labeling of MN in 
Tuberculous Lesions* 


Percentage of 'HT-labeled MN in lesions from individual rabbits 


Skin lesions Pulmonary lesions 


Perifocal area area 
In vitro: In vivo in vitro In vivo In vitro In vivo 
1.3 2.61 
1.4 3.08 3.6 7.91 3.0 3.61 
1.4 3.88 3.9 9.78 3.3 3.18 
1.7 4.1% 4.4 10.01 3.4 4.48 
1.9 4.7 12.68 3.9 4.91 
2.0 


Mean +SEE 1.6=+=01 34+03 410.2 10.1=10 3.40.2 4.1 + 0.3 
P < 0.001 P = 0.001 P = 0.046 


* Biopsies of three skin lesions and four lung areas were taken from each rabbit, and 
two or three sections made from each biopsy. The figures in the table were obtained by 
counting about 1000 MN for the in vivo ?HT experiments and about 400 MN for the in vitro 
"HT experiments. Although MN were mostly macrophages, they included some lympho- 
cytes. 

+ Two of these rabbits came from the in vivo injected group. Their skin biopsies were 
taken before the "HT was injected intravenously. 

i Animals sacrificed 30 minutes after intravenous *HT. 

$ Animals sacrificed 60 minutes after intravenous *HT. 
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positive MN enter BCC lesions from the bloodstream during the 30- 
minute period after the ?HT injection. In other words, the higher 
percentage of ?*HT-positive MN found in BCG lesions labeled in vivo 
compared with those labeled in vitro cannot be attributed to the entry 
of new ?HT-positive cells from the bloodstream. 

With rabbits, the in vitro method is much less costly, because 
relatively little “HT is used. In addition, the animal does not become 
radioactive, and other skin biopsies can be taken at a later time. 
Therefore, even though the in vitro method labels cells less efficiently, 
it has distinct advantages over the in vivo method. 


Local incorporation of *HT by MN in Tuberculous Lesions 
Dermal BCG Lesions of Rabbits; In Vitro Incubation with 3HT 


Dermal BCC lesions were biopsied as they developed and regressed 
over a 5-week period. A different lesion was used for each biopsy, 
which was incubated for 1 hour in ?HT under hyperbaric oxygen, 
sectioned in a cryostat and autoradiographed. 

The percentage of MN incorporating ?HT changed little during 
the period studied (Table 2). However, in the 2-week lesions of Ex- 
periment III, the percentage of ?HT-positive MN was elevated. At 
this time, hypersensitivity to tuberculin was developing and many new 
MN were infiltrating. These lesions were produced by relatively small 
numbers of bacilli, so the environment may have heen less toxic than 
in the other experiments and therefore more conducive to cell division. 


Pulmonary Tuberculous Lesions of Rabbits; In Vitro Incubation with “HT 


Pulmonary tuberculous lesions were produced by the intravenous 
injection of BCG or by the inhalation of virulent tubercle bacilli 
(Table 3). At various times thereafter, the animals were sacrificed, 
and lung biopsies were incubated in vitro with “HT and processed as 
above. 

The lungs of normal uninfected rabbits were first evaluated among 
three separate experiments. The percentage of MN that incorporated 
"HT varied widely (Table 3). The reason for this variation is unknown. 

In another experiment, the rabbits were sacrificed 1, 2 and 3 days 
after a high intravenous dose of BCG. Few MN had accumulated 
around the bacilli at 1 day, but at 2 and 3 days distinct granulomata 
were present (see below). Such granulomata contained a rather high 
percentage (averaging 12%) of *HT-positive MN (Table 3), evidently 
because they were composed of newly arriving MN. 

In the remaining experiments, lesions 10-19 days old were evaluated. 
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Table 2—Percentage of *HT-Labeled MN* in Dermal BCG Lesions 


Time after id injection of BCG 


p""-—-——————— PP EAPPP —— MÀ PM ERE EDD E EE rM aaan 





Ap A PERKIN BLE ne PA OP EE EA PERV IE EY EE REET ett! Hl Abi el RAIA PP E DERE ERE DEDE EROR PRI OE nna 


Percent of *HT-labeled MN; 2.2 2 0.5 5.0 + 0.8 2.8 = 0.2 2.1 « 0.2 
Size of lesion (cu mm) 6+1 16 + 4 37 + 7 13 = 3 
Tuberculin reaction§ 0 + 2+ 2-- 
Exp l1—9 Million BCG in Each of 10 id Sites; Opacity = 3.050 

Percent of *HT-labeled MNt 1.8 « 0.3 2.1 + 0.6 0.9 = 0.2 1.1 « 0.2 
Size of lesion (cu mm) 117 + 22 167 + 20 118 « 14 42 = 7 
Tuberculin reactions T 3+ 3+ 3+ 
Exp l1i—60 Million BCG in Each of 6 id Sites; Opacity = 1.080 

Percent of *HT-labeled MN — 3.6 = 1.7 4.2 = 1.6 3.6 = 0.7 
Size of lesion (cu mm) 112 = 39 239 «x 72 257 = 94 91 = 30 
Tuberculin reactions + 3+ 4-4- 3+ 
Exp IV—15 Million BCG in Each of 8 id Sites; Opacity = 0.690 

Percent of *HT-labeled MN 0.6 = 0.2 1.3 « 0.3 1.2 = 0.2 1.5 = 0.2 
Size of lesion (cu mm) 39 = 5 61 = 9 117 = 20 47 x 7 
Tuberculin reactions 0 2+ 4-- 44- 





* MNs signifies mononuclear cells. Although they were mostly macrophages, they 
included some lymphocytes. They were labeled by incubating biopsies of the lesions in 
*HT (1.0 4Ci/ml) for 1 hour under hyperbaric oxygen. 

t The opacity of the bacillary suspension is an index of the total number of (live plus 
dead) bacilli injected (see asterisk footnote on page 162), id signifies intradermal. The 
average number of rabbits in each experiment was 6. 

t The size of the dermal BCG lesion is listed as a volume in cu mm (see Kambara 
et al). The means and their standard errors are given. 

8 Tuberculin reactions of 10-50 cu mm were +; 50-250 cu mm were 2-4; 250-500 cu mm 
were 3-+; 500-900 cu mm were 4+. 


These lesions contained only 1-49 *HT-positive MN (Table 3). The 
virulence of the bacilli did not apparently affect this percentage. 

In general there was a parallelism between the percentage of MN 
dividing in (a) the perifocal granulation tissue within the lesions, 
(b) the adjacent alveolar areas and (c) the lung parenchyma between 
the lesions ( Table 3). 


Macrophage Activation, Multiplication and Content of Tubercle Bacilli 


Macrophage activation (ie, maturation) was determined histochemi- 
cally by staining these cells for the lysosomal enzyme D-galactosidase,' 
macrophage multiplication was determined with “HT and autoradiog- 
raphy, and their content of bacilli was determined after acid-fast staining. 
These three procedures were performed in sequence on the same 
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Table 3—HT-Labeled MNs* in Pulmonary Tuberculous Lesions 


Percent of labeled MNs* in biopsies incubated with 
3HT for 1 hr in vitro 


Time after infection —-— 


No.of that animals were Surrounding alveolar Lung parenchyma 


rabbits sacrificed (days) Perifocal areat areat between lesions 
Normal Uninfected Lung 
4 l1 pce Ju 
4 ao 3.2 = 0.8 
4 v 11.5 = 0.8 
67 x 10* BCG iv; Opacity = 2.0007 
2 1 0.4 1.4 4.0 
(0-0.8) (0-2.8) (3.9-4.0) 
2 2 Vee 12.1 8.1 
(4.4-9.7) (12.0-12.1) (7.1-8.1) 
2 3 11.6 15.6 11.4 
(7.8-15.4) (13.7-17.5) (11.2-11.6) 
4 x 10° BCG iv; Opacity = 1.5008 
5 10 3.1 = 1.8 1.3 = 0.4 
2.8 x 10° BCG iv; Opacity = 1.100 
4 10 4,2 = 0.2 3.4 = 0.2 1.8 = 0.7 
0.6 x 10° BCG iv; Opacity = 1.300; 
6 12 2.5 «= 0,7 1.8 = 0.7 
5.6 x 10° Virulent Bovine-type Tubercle Bacilli (Ravenel) by Inhalation 
5 13 3.6 = 0.9 
42 x 105 Virulent Human-type Tubercle Bacilli (Hz Rv) by Inhalation 
5 19 2.8 = 0.7 


* MNs are mononuclear cells (mostly macrophages, but some lymphocytes). 

t The ''perifocal area" contains MN entering the lesion from the bloodstream. The 
"surrounding alveolar area” contains alveolar macrophages (AM) that came from the 
adjacent alveolar spaces, as well as MN emigrating from the blood. About 1000 MNs were 
counted to obtain the percent of labeled MN in each area for each rabbit. The means and 
their standard errors are given (except in the second experiment). 

i The opacity of the bacillary suspension is an index of the total number of (live plus 
dead) bacilli injected (see asterisked footnote on page 162); iv indicates intravenously. 

$ Tuberculin tests, performed 2 days before death, were negative in the case of 4 x 10° 
BCG, and slightly positive in the case of 0.6 x 10° BCG. No such tests were done in the other 
experiments. 
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frozen section of biopsies of dermal and pulmonary BCG lesions (see 
Materials and Methods). 


MN Incorporation of *HT and f-Galactosidase Activity 


The percentage of activated macrophages in the granulation tissue 
near the necrotic centers of dermal BCG lesions increased for 3 weeks 
and then slowly decreased (Text-Fig 1). (The more pronounced 
decrease in the second of the experiments illustrated in Text-fig 1 was 
a rarity.) 

During the first 2 weeks, there were more immature ( D-galacto- 
sidase-negative) MN incorporating “HT than mature ( B-galactosidase- 
positive) MN. After about 3 weeks (when tuberculin sensitivity had 
developed), both immature and mature MN incorporated ?HT to 
about the same extent (Text-fig 1, cf Fig 3). These findings support 
those in paper III of this series namely that the young MN ( ie, 
those incorporating *HT) developed cellular immunity (ie, rich f- 
galactosidase activity) faster after delayed hypersensitivity was pres- 
ent. 

In dermal BCG lesions, there was no ?HT incorporation by fully 
mature epithelioid cells staining 3-- and 4+ for B-galactosidase. These 
cells had evidently specialized completely for digestion and no longer 
divided. 

With 10-and 12-day pulmonary lesions, produced by injecting 
BCG intravenously, the patterns of MN activation and division (Fig 3 
and Table 3) resembled those found in dermal lesions. “HT incorpora- 
tion was found in young MN in the granulation tissue surrounding the 
necrotizing centers of the lesions ( Fig 2). 

The pulmonary alveolar macrophages (AM) were, however, dif- 
ferent from the ordinary macrophages that immigrated into the lesions 
directly from the bloodstream. In both normal and BCG-infected lungs, 
AM could become highly activated (+ and 4+ [-galactosidase—posi- 
tive) and still incorporate *HT (Fig 2 and Table 3). Alveolar macro- 
phages, therefore, seemed to be a major exception to the principle that 
macrophages extremely rich in enzymes do not divide. 


Effect of Tubercle Bacilli on MN Division 


In pulmonary BCG lesions 2 and 3 days old, all of the MN were 
recent arrivals and many incorporated ?HT (Table 3). "HT-positive 
MN containing bacilli could sometimes be found (Fig 5). In pulmonary 
lesions 6 or more days old, such doubly marked MN were rare, because 
most of the bacilli had disappeared. 
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AGE OF DERMAL BCG LESIONS 


TEXT-ric. 1—Percentage of "HT-positive MN (bar graphs and right ordinates) and 
8-galactosidase-positive MN (line graphs and left ordinates) in the granulation tissue 
near the necrotic centers of rabbit dermal BCG lesions biopsied at various times after in- 
fection. The minus symbols and the I+ and 2+ symbols under the abscissae refer re- 
spectively to the unshaded and shaded bar graphs immediately above them. The results of 
experiment IV (see Table 2) are shown above; those of experiment VI are shown below. 
No "HT-labeled MN were found that stained 3+ and 4+ for B-galactosidase. The biopsies 
were incubated in vitro for 1 hour in “HT (1.0 pCi/ml) under oxygen at 3 atm, sectioned 
and then incubated for 18 hours in the 5-bromo-4-chloro-3-indolyl-B-p-galactoside substrate 
solution. Standard errors of the means are shown by I-bars. 
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Table 4—Effect of Intracellular Tubercle Bacilli on MN Division in Dermal BCG Lesions* 


Total No. of MN with both 
3HT label and intracellular 
tubercle bacilli 


A B C 


Age of lesion Percent of Percent of MN 





when biopsied Total No. of ?HT-positive containing M 
(days) MN counted MNT tubercle bacilli? Expectedi Observed 
Experiment I$ 
7 14,100 2.04 0.02 3.52:0.8 8.1 0 
12 13,800 4.0+1,3 2./+#0.8 128 5 
19 31,500 2.32 0.6 0.40.2 5.7 0 
Experiment II$ 
7 17,900 1.0+0.3 3.40.7 4.9 0 
12 8,300 1.60.3 4.40.5 4.3 0 
19 22,400 0.80.2 0.8+0.4 2.4 0 
Experiment I1I3 
7 27,500 1.60.3 4.61.2 16.7 5 
14 29,600 2.62:0.5 3.51.1 24.0 7 


* MN were mostly macrophages, but included some lymphocytes. 

t Means and their standard errors are listed. 

i Expected numbers of "doubly marked'' MN could have been obtained by multiply- 
ing the values in columns A, B and C. More representative numbers were obtained, how- 
ever, by adding the similar product from individual rabbits. 

§ These experiments were the same as those listed in Table 2. MN were labeled by 
incubating biopsies of the lesions in *HT (1.0 4Ci/m!) for 1 hour under hyperbaric oxygen, 


In dermal BCG lesions, bacilli were more plentiful, and a few °HT- 
positive MN containing bacilli could occasionally be found in lesions 
l and 2 weeks old. From the total number of *HT-positive MN and 
the total number of MN containing bacilli found in the lesions, the 
expected number of "HT-positive MN containing bacilli was cal- 
culated. The number of such doubly marked MNs was found to be 
somewhat less than expected (Table 4 and Fig 4). 

These results indicate that in lesions one or more weeks old MN divi- 
sion was not stimulated by the presence of intracellular tubercle bacilli. 
The results also offer additional support for the contention that only 
recent MN immigrants divided in the tuberculous lesion." By the time 
these new immigrants reached the bacilli, which were more centrally 
located, many would have become older cells. 


MN Enzyme Activity and HT Incorporation as Pulmonary Lesions Form and Caseation 
Develops 


Macrophage function during the formation of pulmonary tuberculous 
lesions produced by inhalation is difficult to evaluate, because early 
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lesions are so small that they are hard to find. A much larger 
dose of bacilli can be given intravenously than by the respiratory 
route, thereby increasing the probability of finding l-day lesions. Al- 
though such lesions do not exactly mimic those produced by inhalation, 
they do arise from relatively few bacilli in one location and therefore 
enable the genesis of this disease to be studied. In addition, the macro- 
phages entering such small lesions frequently ingest isolated bacilli 
that have spread from the initial site of lodgment. Such macrophages 
would closely resemble those that ingest bacilli delivered by the res- 
piratory route. 


One-, 2- and 3-Day Pulmonary Lesions: Genesis of Tuberculous Foci 


An uncentrifuged suspension of viable, BCG was injected intra- 
venously into rabbits (Table 3). It contained many bacilli in units 
of 1-4 as well as in clumps of 5-30. The latter acted as emboli and 
were found microscopically 1 day later lodged in the capillaries and the 
smaller. arterioles of the lung (Fig 6). The clump protected the BCG 
against initial destruction and a small lesion was established. 

In I-day lesions, MN accumulated around the central bacillary core 
(Fig 6). At this stage, young MN present in many of the lesions 
showed 1-- and 24- f-galactosidase activity. The clumps of bacilli 
seemed to have some inherent toxicity, as the MN and capillary 
endothelial cells were frequently necrotic. Nearby MN did not in- 
corporate "HT (Table 3), apparently because of the toxic local 
environment. Even perifocally, little ?HT incorporation was present, 
because few cells had accumulated there. 

In 2- and 3-day lesions, this picture had changed. Macrophages 
ingesting the bacilli and necrotic cell debris became activated (ie, 
richer in f-galactosidase). Some of these MN died (Fig 7); some of 
them divided (F ig 5). Perifocally, many new MN accumulated, and 
these cells frequently divided (Table 3 and Fig 7). At this point, 
typical tuberculous lesions became established. They contained a 
central core of dead and dving cells and a perifocal region of ac- 
cumulating and proliferatin g cells. 


Six-, 10- and 12-Day Pulmonary Lesions: Enzymes in Caseating Epithelioid Cells 


At 6 days, the [.-galactosidase in the necrotic cells in the center of 
the tuberculous lesion had diffused away. Cytochrome oxidase, how- 
ever, still remained (Fig 8), apparently because it was a mitochondrial 
enzyme. (The mitochondria may not have completely disintegrated at 
this time.) At 10 and 12 days, neither type of enzyme was active in 
the caseous centers of the lesions. 
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Role of Pulmonary Aiveolar Macrophages 

The microbicidal capacities of alveolar macrophages (AM) (the dust 
phagocytes) undoubtedly determine whether an inhaled tubercle 
bacillus will be immediately destroyed in the alveolar spaces or 
whether it will grow intracellularly and eventually produce a lesion. 
AM therefore play a critical role in resistance to attack by this bacillus." 
After the lesion is established, the role of AM in the pathogenesis of 
tuberculosis is less certain, as most of the macrophages in the tubercle 
come from the bloodstream. 

The presence of high levels of f-galactosidase in many alveolar 
macrophages enabled us to identify these cells when they were in 
the peripheral parts of the lesion, where none of the blood-borne 
macrophages had as yet attained this level of activation. More AM 
were frequently present near the lesions than in the uninvolved alveo- 
lar spaces (Fig 2). Perhaps chemotactic factors were released from 
the lesion, and the AM traveled there along the surface of nearby 
alveoli and through the interalveolar pores of Kohn." Since these 
pulmonary alveolar macrophages are rich in enzymes and probably 
bactericidins, they should reduce the spread of the disease from the 
local site. 


Discussion 


Lurie! described an intense accumulation and proliferation of 
mononuclear cells (MN) around a core of young epithelioid cells 1 
week after BCG was injected intravenously into rabbits. Many mitotic 
figures were seen by him in these perifocal MN. He called this the 
stage of symbiosis.! The bacilli had multiplied to 30 or 40 times their 
original number, and MN had both emigrated from the bloodstream 
into the tubercle and multiplied locally, so that many defense cells 
were present. 

Such tubercle formation was further analyzed in our study employing 
tritiated thymidine (?HT) and autoradiography. The original macro- 
phages did not continue to multiply and provide clones of local MN: 
No ?HT incorporation was found in more centrally located macro- 
phages (frequently containing bacilli) which had evidently resided 
in the lesion more than a few days. Local division of MN did occur, 
but apparently was confined to the newly arrived immigrants. 

The destruction of tubercle bacilli was accomplished by the develop- 
ment of high levels of cellular immunity in a relatively small, but 
critical, proportion of the macrophages in the lesion.?^* These MN 
could be found in healthy perifocal granulation tissue, not too far 
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from the caseous center (Fig 1), and only in areas where the bacilli 
were present.! Such macrophages had the morphology of epithelioid cells 
and developed a very high content of lysosomes and their enzymes, 
mitochondria and their enzymes, and undoubtedly bactericidins.'??: 
Their content of these factors was many times that of surrounding 
MN in the same lesion. In other words, only a relatively few defense 
cells in strategic areas of the lesion accomplished the task of destroying 
the tubercle bacillus. 

In the present report, the formation, multiplication and destruction 
of these highly activated, mature macrophages were studied by in vitro 
labeling with “HT. Maturing epithelioid cells, staining 2+ for f- 
galactosidase, incorporated “HT as readily as unstained MN (Fig 4 
and Table 3). Since MN can increase their enzvme content in 24 
hrs,” these 24-, "HT-positive MN may be young cells that recently 
immigrated into the lesion. 

No fully mature macrophages (ie, no fully activated epithelioid cells 
staining 4+ for D-galactosidase) incorporated “HT in dermal BCG 
lesions. In other words, these cells no longer divided, but appeared to be 
end cells specialized for digestive and probably microbicidal functions. 
According to Lurie," they had destroved the bacilli they once con- 
tained, and only rarely can one find a bacillus in such cells. 

Little information is available on the longevity of these mature 
macrophages. Epithelioid cells in the centers of 10- and 12-day pul- 
monary BCG lesions were apparently dead (F ig 2). Thev had lost 
their high content of enzymes and had indistinct cytoplasmic boundaries 
and even pyknotic or absent nuclei. In active tuberculosis lesions, it is 
quite possible that epithelioid cells frequently die when they destroy 
tubercle bacilli. This process would release tuberculin-like products 
that are directly or indirectly toxic for these cells." 

Further evidence for a high turnover of MN in tuberculous lesions 
will be presented in subsequent papers of this series ** in which in vivo 
"HT labeling was employed in contrast to the in vitro studies of the 
present report. Multiple dermal BCG lesions, begun in rabbits 1 day 
after an intravenous pulse of “HT, were biopsied periodically as thev 
developed and regressed. The appearance and disappearance of 
labeled MN and ?HT grain count analvses gave quantative support 
to the results in the present paper: Newly arrived MN could have 
divided once or twice. Thev functioned awhile and then died; thev 
were not long-lived cells. 

Thus, whether a tubercle progressed or regressed would depend on 
whether the macrophages killed all of the bacilli within them before 
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they died, or whether they died first, releasing viable bacilli to be 
ingested by other macrophages. Virulent bacilli, which are not readily 
destroyed, would pass through a series of macrophages. In each 
successive macrophage the speed of developing microbicidins and 
enzymes would be enhanced by the developing immune process ( in- 
volving lymphocytes 7*7"), and the last few macrophages of the series 
would develop immunity so rapidly that all of the intracellular bacilli 
present would be inhibited or killed. The elimination of bacillary foci 
within the lesion by this process seems to be the mechanism by which 
the host overcomes the infection (see also references 8 and 9). 


Summary 


Dermal and pulmonarv tuberculous lesions were produced in rabbits 
with BCG (and in two experiments with virulent tubercle bacilli). 
Biopsies of these lesions were made and incubated for 1 hour in vitro 
with tritiated thvmidine (?HT). Tissue sections prepared from these 
biopsies were (a) stained for the lysosomal enzyme, D-galactosidase, 
(b) autoradiographed to detect ?HT incorporation, (c) stained for 
acid-fast bacilli and (d) counterstained with hematoxvlin. 

In established dermal lesions (1-5 weeks of age), ín vitro incuba- 
tion with “HT usually labeled 1-4% of the mononuclear cells (MN), a 
mixture of lymphocytes and macrophages. (In vivo "HT, given as a 
single intravenous pulse within an hour of sacrifice, labeled about 
twice as many MNs.) The labeling index remained more or less constant 
throughout the growth and regression of the BCG lesions. 

In the local area of the tuberculous lesion that contained bacilli, 
many macrophages developed into epithelioid cells rich in mito- 
chondrial and lvsosomal enzvmes. Such cells can effectively destroy 
the tubercle bacillus. As the macrophages became mature epithelioid 
cells, they continued to divide (ie, incorporate “HT). However, once 
they reached full maturity (ie, 4+ in D-galactosidase) they rarely divided. 
Apparently they had become completely differentiated for digestive func- 
tions. 

Pulmonary alveolar macrophages (AM) were an exception to this 
tent: AM were frequently found with 4+ D-galactosidase activity 
and nuclear labeling from a pulse of “HT. Such highly activated 
(immune) pulmonary macrophages—ie, dust phagocytes (rich in p- 
galactosidase) from neighboring alveoli, frequently migrated to the peri- 
phery of young pulmonary lesions where they could limit the local 
spread of this disease. 

The genesis of pulmonary tuberculous lesions ( produced by injecting 
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large numbers of bacilli intravenously) was evaluated. Local activita- 
tion of macrophages, shown by an increase in their -galactosidase 
content, occurred within 24 hours. By 6 days, however, these activated 
macrophages had died, lost their enzyme activity, and formed the 
necrotic center of the developing tubercle. Only recently arrived MN 
(ie, those in 2- and 3-day lesions and those in the peripheral areas of 
older lesions) seemed to incorporate "HT locally. Apparently, older 
MN were on the road to death and no longer divided. 

The relation of MN division to their content of virulent or avirulent 
tubercle bacili was also investigated. In pulmonary BCG lesions 2 
and 3 days old and in dermal BCG lesions 1 and 2 weeks old, occasional 
"HT-positive MN containing bacilli could be found. The observed 
number of such “doubly marked” cells found in the dermal lesions was 
less than the expected number calculated from the observed percentages 
of *HT-positive MN and bacilli-containing MN. We therefore con- 
cluded that MN division was not stimulated by the presence of intra- 
cellular bacilli, and that division was not the mechanism by which 
these cells reduced their bacillary load. The same purpose is apparently 
accomplished by cell death and the reingestion of the bacillary load 
by several adjacent phagocytes. In this manner, the divide-and-rule 
principle could play a role in the control of tuberculous infections. 
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Legends for Figures 


Fig 1—A 12-day dermal BCG lesion. Surrounding the caseous center are many epi- 
thelioid cells that stain 3+ and 4+ for 6-galactosidase. Surrounding these cells, near 
the periphery of the photograph, are many immature macrophages with weak or absent 
p-galactosidase activity. This figure suggests that dead tissue and bacilli and their 
tuberculin-like products, directly or indirectly, cause macrophages to become epithelioid 
cells rich in enzyme activity (5-bromo-4-chloro-3-indolyl-D-D-galactoside and hema- 
toxylin, x100). 


Fig 2—A 10-day pulmonary BCG lesion. In the center are disintegrating D-galactosi- 
dase-negative epithelioid cells, containing more than 10 faintly staining tubercle 
bacilli. Around the center are viable, young B-galactosidase—negative MN, several of 
which show ?HT incorporation. Alveolar macrophages (AM), staining 3+ and 4+ for 
B-galactosidase, have accumulated in the surrounding alveolar area below the lesion. 
These AM contained no acid-fast bacilli, but several had incorporated ?HT (not clearly 
shown in the photograph) (in vitro 3HT, 5-bromo-4-chloro-3-indolyl-6-D-galactoside, 
carbolfuchsin and hematoxylin, x400). 
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Fig 3—A 10-day pulmonary BCG lesion. Three large macrophages are depicted 
with ?HT-labeled nuclei and 2+ cytoplasmic staining for @-galactosidase. Their 
striking blue color is not well demonstrated in black-and-white photographs (in vitro 
3HT, 5-bromo-4-chloro-3-indolyI-8-b-galactoside, carbolfuchsin and hematoxylin 
x 1000). Fig 4—A 7-day dermal BCG lesion in Experiment IV (see Table 2). 
In this representative photograph, MN incorporating ?HT show no bacilli in their 
cytoplasm, and MN containing bacilli do not show ?HT incorporation. No MN 
are present that are doubly marked with both ?HT and bacilli (in vitro 3HT, carbol- 
fuchsin and hematoxylin; x 600). 
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Fig 5—Macrophages in 3-day pulmonary lesions produced by injecting BCG intravenously. 
A—An ?HT-positive, 2+ -galactosidase—positive macrophage contains over 10 bacilli 
(three arrows). Next to this cell is an ?HT-negative, 1+ £-galactosidase—positive macro- 
phage containing four bacilli (horizontal arrow). A 3+ f-galactosidase-positive MN with 
two bacilli (vertical arrow) and an ?HT-positive, 8-galactosidase-negative MN (possibly a 
lymphocyte) are also present. B is similar. An ?HT-positive, 1+ p-galactosidase- positive 
macrophage containing two bacilli is marked with an arrow. Two 3+ B-galactosidase—posi- 
tive HT-negative) MN are also present. (3HT-positive MN containing bacilli were rare, 
and could be found with assurance only in early pulmonary lesions.) (in vitro *HT, 5-bromo- 
4-chloro-3-indolyl-2-»-galactoside, carbolfuchsin and hematoxylin; x 720). Fig 6—A 1- 
day pulmonary lesion produced by intravenously injected BCG. A small blood vessel (part 
of which is cut tangentially) is depicted with an embolus of tubercle bacilli in its center 
(arrow). The macrophages in this lesion stain 2+ for 8-galactosidase. In the surrounding 
alveolar spaces, six or seven ?HT-positive MN can be seen. In the lower right corner are 
three alveolar macrophages staining 3+ for 9-galactosidase (in vitro 3HT, 5-bromo-4-chloro- 
3-indolyl-8-»-galactoside, carbolfuchsin and hematoxylin; x 760). 
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Fig 7—Two-day pulmonary lesions produced by intravenously injected BCG. Acid-fast tub- 
ercle bacilli (arrows) can be seen in the small necrotic centers. Cells of the blood vessel 
wall have a concentric arrangement around these centers. The rest of the lesions are com- 
posed of bright-blue, 2+ f9-galactosidase-positive MN, some of which also seem to be 
necrotic. In the surrounding alveolar areas, about a dozen young macrophages show ?HT 
incorporation (in vitro ?HT, 5-bromo-4-chloro-3-indolyl-8-0-galactoside, carbolfuchsin and 
hematoxylin; x 500). Fig 8—A pulmonary BCG lesion stained for cytochrome oxidase 
(CO) 6 days after 4 x 10$ viable bacilli (opacity, 0.950) were injected intravenously. In the 
center are epithelioid cells rich in CO. Surrounding them are young infiltrating macro- 
phages most of which are still poor in CO. At the periphery are numerous alveolar macro- 
phages rich in CO, that were apparently attracted to the site by chemotactic agents released 
from the lesion. Some of the epithelioid cells in the center are already necrotic, but at this 
early stage their CO activity still remains (1,2,3.4-tetrahydroquinoline and p-aminodiphenyl- 
amine; no counterstain [see Dannenberg et a/^] x 180). 


Participation of Components of the Blood 
Coagulation System in the Inflammatory 
Response 


Donald G. McKay, MD 


THE INFLAMMATORY RESPONSE and blood coagulation mech- 
anism, as separate fields of study, have been analyzed continuously for 
many years. A great deal of information on both phenomena has been 
acquired through numerous investigations, and yet, no definitive ex- 
planation of the mechanisms of these basic biologic reactions has, as 
yet, been achieved. 

In the recent past, several — provided evidence indicating 
that components of the blood coagulation mechanism play a role in 
certain types of inflammation—the Arthus reaction, arthritis produced 
by sodium urate crystals and the local Shwartzman reaction—each of 
which represents a special type of inflammation, although they obvi- 
ously share mechanisms in common. 

It is the purpose of this review to present known points of in- 
terdigitation between the blood coagulation mechanism and the in- 
flammatory response and to question the extent to which they can be 
applied, as generalizations, to all inflammatory reactions. It is conceiv- 
able that from the backlog of information in each field, mechanisms 
now considered to apply exclusively to the clotting system may be found 
applicable to the inflammatory process and vice versa. 


Fibrinogen—-Fibrin 


Fibrin deposition plays a major role in some inflammatory reactions, 
whether it is deposited within or outside of blood vessels supplying 
inflamed tissue. The deposition of fibrin in any location carries with it 
certain implications. Fibrin formation is the end stage of the blood 
coagulation mechanism. Thus far two pathways for initiating coagula- 
tion have been elucidated: a) the intrinsic system, initiated by surface 
contact with activation of Hageman Factor and Factor XI and b) the 
extrinsic system, initiated by tissue thromboplastin which requires 
Factor VII as an intermediary substance. These two systems converge 
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at the point in which Factor X is activated and from thereon the 
reaction is the same for both ( Text-fig 1). 

Fibrin deposition in any location implies that certain precursors were 
present. Factor X (Stuart- Prower), Factor V (proaccelerin), phos- 
pholipid (platelet factor 3), Factor II (prothrombin), thrombin and 
calcium are required in addition to an activator of the intrinsic or 
extrinsic system. The inactive precursor substances are all present in 
circulating blood and are readily available for intravascular fibrin dep- 
osition. Most often the presence of fibrin outside blood vessels prob- 
ably is due to blood that has leaked from the vessel into the surround- 
ing tissues. 


inflammation of Connective Tissue 


Experimental (intravascular and extravascular fibrin). Two dif- 
ferent types of experimentally induced inflammation illustrate the role 
of fibrin in the inflammatory response. 

ACUTE INFLAMMATION PRODUCED By BACTERIAL ENDOTOXIN: Small 
doses of lipopolysaccharide (bacterial endotoxin), injected subcutane- 
ously, induce an inflammatory response characterized by: a) increased 
permeability of the microcirculation and b) leukocyte adherence to the 
endothelium and migration into connective tissue. As early as 4 hours 
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Text-Fic 1—The essentials of the coagulation cascade based on the concept of Davie 
and Ratnoff! and MacFarlane.* 
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after 0.1 mg of endotoxin (Difco Bacto-Lipopolysaccharide) is injected 
into rabbit skin, electron microscopy revealed small deposits of fibrin 
adherent to the capillary endothelium (Figure 2). A few capillaries 
contain small aggregates of platelets, and small amounts of fibrin can 
be seen in connective tissue. 

Seventeen hours later, the intravascular deposits have become so large 
that focal thrombi Gcelude the lumens of capillaries (Figure 3) and 
the amount of extravascular fibrin is greatly increased. Exposure to 
bacterial endotoxin represents a nonspecific (nonimmune) inflamma- 
tory reaction clearly associated with fibrin deposition within the micro- 
circulation (thrombosis) and outside the vessels (plasma leakage). 

The manner in which the intrinsic and/or extrinsic activator systems 
are involved in this process has not been determined. Although bacterial 
endotoxin is known to activate Hageman Factor directly,” there is rea- 
son to suspect that in vivo it induces the appearance of an endogenous 
Hageman Factor activator. Collagen is capable of activating Hageman 
Factor in vitro, but whether it acts on plasma that has leaked from 
the vessels in vivo remains to be determined. Extrinsic prothrombin 
activator may play a role, since potentially tissue thromboplastin is 
available from any cell damaged by the inflammatory agent. 

Tur Dmecr Active AgrHUs REACTION: A second type of inflam- 
matory response, illustrating immunogenic inflammation, is the direct 
active Arthus reaction. This reaction takes place when precipitating 
antibody from the bloodstream and antigen from surrounding connec- 
tive tissue unite, together with complement, in the vessel walls.^5 The 
early response is an intense polymorphonuclear leukocyte infiltrate and 
increased vascular permeability followed, at 5 to 6 hours, bv grossly 
visible hemorrhagic necrosis of the region injected with antigen. The 
hemorrhagic necrosis is caused by thrombosis of the microcirculation. 
The fact that pretreatment with heparin prevents the thrombosis and 
hemorrhagic necrosis,’ indicates that fibrin and the conversion of pro- 
thrombin to thrombin are essential to this phase of the reaction. 

Although antigen-antibody complex is known to activate Hageman 
Factor, the same questions that were raised for endotoxin can be raised 
for antigen-antibody complex with respect to the precise manner in 
which extrinsic and/or intrinsic prothrombin activators are themselves 
activated. 

For these two categories of inflammation, it is clear that: a) fibrin 
deposition is part of the inflammatory reaction, b) fibrin deposition 
occurs late in the reaction (4 to 8 hours), c) intravascular fibrin is 
responsible for ischemic tissue damage, d) extravascular fibrin deposi- 
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tion occurs in both types of inflammation and is indicative of leakage 
of blood from the vessels, e) since fibrin formation requires fibrinogen, 
thrombin, prothrombin, proaccelerin, Stuart-Prower Factor, calcium and 
either activation of the contact system or tissue thromboplastin, these 
components of the blood coagulation mechanism participate in the 
later phase of the inflammatory response. 

Clinical-Ischemic | Peripheral Corneal Disease. Knowledge that 
thrombosis or fibrin deposition is part of the inflammatory response is 
of more than theoretic significance; it has been put to practical use by 
Aronson et al.* Twenty-two patients with inflammatory reactions of 
the cornea, char acterized by a progressive wasting away of the periph- 
eral cornea, sometimes leading to perforation, were treated with 
heparin. The patients were classified as having: a) primary ischemic 
corneal disease (idiopathic) (including Terriens’ senile marginal de- 
generation and Mooreus’ ulcers) and; b) secondary ischemic corneal 
disease (including infections bv Pseudomonas aeruginosa, paracolon 
bacillus and Herpes simplex; chemical inflammation produced by acid 
and alkali burns; postoperative necrosis and necrosis of corneal grafts). 
Patients with idiopathic necrosis were treated with heparin alone, while 
those with a known pathogenetic mechanism (secondary) were 
treated with adrenal corticoids and antibiotics as well as heparin. 
Ninety-six percent of the eyes involved improved and 71% improved 
dr: amatically; often, vision was restored completely. 


Glomerulonephritis (Intravascular and Extravascular Fibrin) 


In certain types of inflammation, extravascular fibrin deposition may 
play a demonstrably significant role in the inflammatory process. In 
some specific types of glomerulonephritis, both experimental and clin- 
cal, the deposition of fibrin appears to be the lethal factor. 


Experimental (Nephrotoxic Nephritis) 


The experimental model that best demonstrates the possible lethal 
effects of extravascular fibrin deposition is nephrotoxic nephritis. Anti- 
kidney antibody injected into the bloodstream of the animal species 
from which the kidney antigen was obtained results in glomerulonephri- 
tis characterized by: a) swelling of endothelial cells, b) fusion of 
foot processes of glomerular epithelium, c) glomerular capillary throm- 
bosis, d) extravasation of plasma with fibrin deposition in capsular 
spaces (Figure 4) and e) eventual crescent formation in the capsular 
space (Figure 5). Fifty to ninety percent of the animals die of renal 
insufficiency. 
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Silfverskiold,® Kleinerman '* and Halpern " demonstrated that hep- 
arin, administered systemically, reduced proteinuria, hematuria and the 
mortality rate from 50 to 10%. That this effect was due to the anti- 
thrombic (anticoagulant) activity of heparin and not to an "anticom- 
plementary" effect was shown by Vassalli and McCluskey,’? who suc- 
cessfully reduced the mortality rate bv administering the anticoagulant 
wartarin. 

Light and electron microscope studies revealed a significant dim- 
inution in glomerular thrombi and in the formation of crescents in 
these animals (Figure 6). The formation of thrombi, with rupture of 
capillary vessels, leakage of plasma with fibrin deposition in the capsular 
space and the subsequent formation of fibrous crescents appear to be 
the lethal factor in this disease process. The precise mechanism by which 
fibrin deposition results in crescent formation remains to be elucidated. 
One possibility is that leakage of plasma into the capsular space, with 
extravascular fibrin deposition, results in fibroblast proliferation so that 
fibrin is replaced by connective tissue, in essence, the chain of events 
in ordinary wound healing. 


Clinical (chronic progressive glomerulonephritis) 


The beneficial effects of anticoagulants on experimental nephritis led 
Kincaid-Smith ™ to use anticoagulant therapy in certain forms of human 
glomerulonephritis. In addition to heparin and phenindione, Kincaid- 
Smith used an anti platelet-aggregating agent, dipyridamole, in these 
patients. This agent produced beneficial effects on several severe 
and/or previously fatal renal disorders, but the disorder most germane 
to this discussion was chronic progressive glomerulonephritis. In 1 
patient, clinical laboratory evidence of renal damage cleared completely 
after a years treatment, dnd histologic examination revealed a return 
to essentially normal glomeruli. This effect was observed in a disease 
which, for all practical purposes, is irreversible with the usual modal- 
ities of therapy. Also, it demonstrates the important role of platelets 
and fibrin in this from of glomerular inflammation. 

These experimental and clinical observations indicate that platelet 
damage and fibrin deposition are not only a part of the inflammatory 
process but, in certain specific diseases, they are the major factor, 
whether the end-point is local tissue necrosis or mortality. 


Hageman Factor 

Several recent studies of activated Hageman Factor indicate that it 
not only plavs a role in fibrin deposition, but it also participates, as 
an integral part, in the early stages of the acute inflammatory response. 
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Inflammatory Response to Purified Activated Hageman Factor 


Perhaps the keystone experiment in implicating Hageman Factor in 

the inflammatory 1 response was that of Ratnoff and Miles '* who, in 
earlier studies,” had obtained a highly purified Hageman Factor. Using 
this material, concentrated 5000 times and activiated by ellagic acid, 
Ratnoff and Miles injected guinea pigs intracutaneously- and observed 
increased vascular permeability to circulating Pontamine Skv Blue at 
the site of injection. The reaction was inhibited bv sov bean trypsin 
inhibitor. 

Subsequently, the influence of activated Hageman Factor on leuko- 
cyte sticking and migration was demonstrated by Graham et al." 
Purified activated Hageman Factor (human), injected into the rabbit 
ear chamber, produced a delayed and prolonged inflammatory response 
characterized by prominent sticking and emigration of leukocytes. 
(In its inactive form Hageman Factor had insignificant inflammatory 
effects). These experiments indicate that activated, purified Hageman 
Factor is capable of inducing two major components of the local acute 
inflammatory response—increased vascular permeability and leukocyte 
mi gr ation. 





Hageman Factor and Experimental Gouty Arthritis 


The fact that activated purified Hageman Factor is capable of pro- 
ducing an inflammatory response experimentally does not necessarily 
mean that it participates in the inflammatory response caused by var- 
ious agents. Therefore, Kellermever’s studies provided an important 
extension of the theory, since he demonstrated that a known inflam- 
matory agent (monosodium urate crystals) produced gouty arthritis 
by activating Hageman Factor. 

Urate crystals play a primary role in the clinical syndrome of acute 
gouty arthritis." Crystals of monosodium urate are found in the synovial 
space of affected joints and acute arthritis is produced by injecting 
urate crystals intra-articularly.'* 

Kellermever and Breckenridge " demonstrated that monosodium 
urate crystals activate Hageman Factor in normal blood plasma; amor- 
phous urates failed to activate Hageman Factor, whereas other crys- 
talline substances, including sodium orotate, hypoxanthine and calcium 
pyrophosphate, did. All of these substances migrated toward the anode 
in an electrophoretic field, indicating that the crystals carried a negative 
charge. The negative charge on the surface of glass is thought to be 
a major factor in the activation of Hageman Factor." 

Subsequently Kellermeyer and Breckenridge ™ showed that Hage- 
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man Factor (as well as plasma thromboplastin antecedent (Factor 
XI), predominantly in inactive form (99%), is present in normal 
synovial fluid. 

In a later series of experiments, Kellermeyer * demonstrated that: 
a) urate crystals induce permeability enhancing activity in synovial 
fluid, b) an anitbody to purified Hageman Factor inhibited the per- 
meability factor, c) ellagic acid could be substituted for urate crvstals 
with the same results and d) enhanced permeability could be pro- 
duced in normal plasma but not in Hageman-deficient plasma. 

He concluded that the high negative charge on the surface of urate 
crystals activated Hageman Factor which, in turn, activated the kalli- 
krein system, causing local increased vascular permeability and, thus, 
gouty arthritis. What remained somewhat equivocal at this point was 
eter or not the kallikrein system was responsible for the cellular 
exudate. Kellermever suggested that leukocyte chemotaxis might pos- 
sibly be due to the activation of complement. 


Hageman Factor and the Kinin System 


The kinin svstem has long been thought to play a role in the in- 
flammatory response. As Lewis ” pointed out, this hypothesis is based 
on the fact that even in small quantities, kinins increase blood flow 
as well as vascular permeability and induce pain and, possiblv, leuko- 
cyte emigration. Concentrations of kinins are increased at sites of tissue 
damage and induce an inflammatory response when injected into the 
joint space. Kinins are released from kininogen by cellular elements 
of acute inflammatory reactions and their release is inhibited by 
anti-inflammatory compounds, such as cortisol and colchicine. L ymph 
draining a limb damaged by trauma, heat or ischemia contains in- 
creased concentrations of kinins. 

Although there is little doubt that kinins and some of the precursor 
enzymes—ie, PF-dil, kallikrein—increase vascular permeability, the 
precise role of the kallikrein system in spontaneous acute inflammation 
is somewhat problematic. Also, there appears to be some question about 
the ability of kinin to cause leukocyte sticking and emigration. 

Webster ** pointed out that kinins are liberated into the plasma in 
one form of acute inflammation of circulating blood—anaphylaxis. 
Plasma kininogen levels fall? when circulating blood is exposed to 
bacterial endotoxin, another agent causing acute inflammation of cir- 
culating blood. Plasma kinin levels are elevated during the first hours 
after blood is exposed to bacterial endotoxin.?" This finding constitutes 
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strong evidence for a role of the kallikrein system in spontaneous acute 
inflammation. 

The first evidence of a relationship between the kallikrein * and 
clotting systems came from Margolis’ studies demonstrating the appear- 
ance of a factor that increases vascular permeability when human 
plasma is exposed to a glass surface. This reaction did not take place 
in Hageman Factor deficient “noncontact” or plasma heated to 60C 
for 20 minutes. Margolis stated: < ‘although the permeability factor and 
plasma kinin are not the same, they seem to represent different products 
of the same chain of reactions.” 

Webster ™ presented the current (1970) working hypothesis of the 
plasma kallikrein system ( Text-fig 2). 

Although she cautioned that this concept is subject to revision when 
further purification and characterization of these enzymes allow a more 
definitive sequence, there is little question that activated Hageman 
Factor is capable of activating the kallikrein system. 


Activation of Complement by Hageman Factor 


The complement system is composed of a chain of nine enzymes 
which act, in sequence, upon each other and are triggered by the 
activation of C1 esterase.^^" These enzymes can be derived from the 
a-, D- and y- globulins of blood plasma and their molecular weights 
range from 79, 000 to 400,000. When the complement system is acti- 
vated, small molecular fragments are derived. These fragments have 
been shown to play an important role in certain ty pes of inflammation. 

Fragments C3a (MW 7,000) and C5a (MW 10,000 to 15,000) act 
as anaphylotoxins capable of releasing histamine from mast cells, causing 
smooth muscle contraction, changes in capillary permeability and hy- 
potension. Another major action of these fragments is their ability to 
cause directed migration of leukocytes into areas of antigen-antibody 


Hageman Inactive Inactive Inactive Pre- 
Factor Enzyme V Enzyme III PF/Dil kallikrein kininogen 


x x x X / 


Activated Enzyme V Enzyme III PF/Dil II kallikrein Bradykinin 
Hageman 
Factor 


Text-ric 2—Current Working Hypothesis of Plasma Kallikrein System, 
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reactions—ie, chemotaxis; C6 and C7 also appear to have chemotactic 
properties. 

The role of complement as a permeability and chemotactic factor 
was first established for immune inflammatory reactions. Ward and 
Cochrane ° prevented the reverse passive Arthus reaction by lowering 
complement levels in circulating blood. Similar results were observed 
in experimental glomerulonephritis and serum sickness?" 

That complement may play a role in nonspecific ( nonimmune ) in- 
flammation is indicated by the studies of Willoughby et al^" These in- 
vestigators lowered complement levels in circulating blood to varying 
degrees by intravenously injecting heat- aggregated y-globulin, antigen- 
antibody complex, antilymphocyte serum, carageenin, antipolymorpho- 
nuclear leukocyte serum and anticomplement serum. Using rats and 
guinea pigs, they induced a skin inflammatory response and quantitated 
inflammation by measuring the water content of skin 4 hours after in- 
jury. A direct relationship existed between the degree of blood comple- 
ment depletion and the amount of increase in the water content of 
skin. They concluded that complement plays a significant role in non- 
allergic as well as allergic acute inflammation. 

A connection between the complement system and Hageman Factor 

was first established by Donaldson." She demonstrated that plasma 
from patients with hereditary angioneurotic edema lacked an inhibitor 
of Cl esterase. This lack seems to be the essential defect in these 
individuals. During clinical attacks of edema, evidence of spontaneous 
activation of C1 esterase is found in patient plasma.” In a later study, 
Donaldson used ALTEE ( N-acetvl-r-tvrosine ethyl ester monohydrate ) 
esterase activity, in the test system. This substance was identified with 
C1 esterase because it was associated with the development of a prop- 
erty which inactivated C4 and because its activity was reduced by a 
purified C1 esterase inhibitor. 

In this study, purified activated Hageman Factor enhanced the gen- 
eration of Cl esterase activity in plasma from patients with hereditary 
angioneurotic edema. Fractionation (purification) of plasma from 
patients with Hageman Factor-deficiency yielded a protein which failed 
to activate Cl esterase in hereditary angioneurotic edema plasma, and 
failed to activate the coagulation system. 

The fact that Hageman Factor did not activate C1 esterase in normal 
plasma was thought to be due to the presence of normal inhibitor. 

Two other substances, heparin and soybean trypsin inhibitor do not 
inhibit Cl esterase, but do have an inhibitory effect on the release of 
Cl esterase from the plasma of patients with hereditary angioneurotic 
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edema, when the plasma is exposed to activated Hageman Factor. 
These substances do not act directly to inhibit Hageman Factor itself. 
Ratnoff ** demonstrated that heparin can block the interaction of PTA 
(Factor XI) and PTC (Factor IX), initiated by activated Hageman 
Factor. Breckenridge and Ratnoff * showed that soybean trypsin inhibi- 
tor interferes with activation of Factor V (proaccelerin ) by Factor X 
(Stuart-Prower Factor); soybean trypsin inhibitor and hepari in inter- 
fere with the release of kinin when plasma is exposed to glass. Thus, 
these two agents inhibited both the release of kinin and CI activation 
under similar conditions. Donaldson concluded that soybean trypsin 
inhibitor and heparin inhibited some intermediate step in the chain of 
enzymes in the coagulation sequence. 


Polymorphonuclear Leukocytes and Hageman Factor 


The migration of polymorphonuclear leukocytes through vessel walls 
into connective tissue and their subsequent disintegration in the extra- 
vascular location is a long established feature of acute UAM 
That this process may be cyclic is suggested bv the studies of Hurley ? 
who showed that saline extracts of polymorphonucle: ar leukocytes were 
capable of inducing leukocyte migration in vivo. Concentrations of 
50 million cells/ml or higher were required to induce leukocyte migra- 
tion when the cells were incubated in saline, whereas concentrations as 
low as 6 million/ml were effective when the cells were incubated with 
serum. Similar results were obtained using the in vitro system—ie, 
leukocyte migration through the millipore filter of the Boyden chamber. 
Thus, leukocytes can generate leukocyte chemotaxis. 

The relationship of polymorphonuclear leukocytes to the kinin system 
and Hageman Factor has been shown by Melmon and C line??? who 
demonstrated that normal human granulocy tes and eosinophils have 
both kinin generating and kininase activites in vitro. At physiologic 
pH, these activities were found predominantly in the soluble cell frac- 
tion. At pH 5.5, leukocyte granules exhibited a similar pr operty. In these 
experiments, kinins were generated in vitro in normal plasma but not in 
plasma deficient in Hageman Factor. These findings may have an im- 
plication for the in vivo inflammatory response and not only suggest 
that plasma kallikrein is required for leukocyte-mediated release of 
kinin but that Hageman Factor is also necessary. Although a direct 
relationship between Hageman Factor and leukocyte migration has not 
been shown in a similar system, the demonstration by Graham et al '* 
that activated Hageman Factor produces leukocyte migration in vivo 
is suggestive. It is possible that the perpetuating influence of extra- 
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vasated polymorphonuclear leukocytes on inflammation may be medi- 
ated by their action on Hageman Factor. 


Plasmin 


Whether or not the plasminogen-plasmin system plays a role in 
inflammation is problematic. Wherever fibrin is deposited, plasminogen 
is deposited. The active enzyme, plasmin, is capable of degrading fibrin 
and has been shown to clear unwanted fibrin from the vascular system. 
Plasminogen requires an activator, and endogenous activator has been 
demonstrated by Todd * in the vascular endothelium, predominantly 
in veins and venules. Thus, from the standpoint of anatomy, the pro- 
enzyme and activator are potentially available in blood and tissue for 
the inflammatory response. 

Two studies suggest a link between plasmin and the inflammatory 
response. Ratnoff ?" demonstrated that plasmin was capable of produc- 
ing increased capillary permeability in the guinea pig skin. Lepow, 
Ratnoff and Levy ** showed the effects of plasmin on the early reacting 
components of the complement system (C1, C4, C2 and C3). Genera- 
tion of the chemotactic activity was blocked by EACA. 

Taylor *' and Ward * have shown that polymorphonuclear leukocyte 
chemotactic activity can be generated in rabbit serum by plasminogen 
streptokinase mixtures. In addition, they found that plasmin destroys 
the biologic activity of the trimolecular complex. 

These observations, linking increased capillary permeability, comple- 
ment activation and cell migration to plasmin, are of great interest, 
but the precise role of plasmin in inflammation is not clear. Studies of 
the effects of plasmin inhibitors on the inflammatory response in vivo 
have yielded conflicting results. Weimer * found that crystalline soy- 
bean trypsin inhibitor, applied to the cornea of rabbits up to 6 hours 
after injury, prevented not only exudation but most of the subsequent 
inflammatory response. This is difficult to reconcile with our own 
observation that soybean trypsin inhibitor not only failed to prevent 
the inflammatory response in the skin of rabbits injected locally with 
kaolin or bacterial endotoxin, but that the soybean trypsin inhibitor, 
by itself, produced an intense exudation of cells and fluid into connec- 
tive tissue. It is also at odds with the observation by Allison et ül** 
that soybean trypsin inhibitor, given intravenously, did not modify the 
reactions to thermal (burn) injury, as seen in the ear chamber of 
rabbits. They also reported that EACA, another plasmin inhibitor, 
failed to modify the thermal inflammatory response. 
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It may be that plasmin plays a role in the inflammatory response, 
but that it is obscured by more potent agents. 


Platelets 


Because of their exclusively intravascular existence and important 
role in blood coagulation, platelets are seldom considered participants 
in the inflammatory process. Yet, obviously, wherever fibrin is deposited 
within vessels in any inflammatory response where the intrinsic pro- 
thrombin activator system is the trigger mechanism, platelets participate 
through their required contribution of phospholipid (platelet factor 3). 

In a much less obvious manner, platelets participate in at least one 
type of local inflammation—ie, the direct active Arthus reaction. 
Margaretten * has shown that the platelet is absolutely essential for 
the reaction. He sensitized rabbits with crystalline bovine serum albu- 
min (BSA) and Freund's adjuvant and 6 weeks later challenged them 
with an intradermal injection of BSA. The animals were killed 8 hours 
after the challenging injection and the skin sites examined by light 
microscopy. An antibody to rabbit platelets, prepared in goats, was 
injected into the test rabbits 30 minutes before and 3% hours after the 
challenging intradermal injection of BSA. A virtually complete 
thrombocytopenia, in the presence of an unchanged leukocyte count, 
was maintained for the 8-hour period of examination. 

Removing the platelets from circulating blood not only prevented 
thrombosis and hemorrhagic necrosis characteristic of the late phase of 
the direct active Arthus reaction, but prevented endothelial sticking and 
the emigration of leukocytes into perivascular connective tissue. Since 
Ward and Cochrane? had shown that the reverse passive Arthus 
reaction was prevented by removing complement from the circulation 
and, since platelet antigen-antibody complex in circulating blood 
could be expected to activate (bind) complement, it was necessary 
to determine whether or not complement depletion prevented the direct 
active Arthus reaction. Measurements of C3 revealed that this component 
of the system was not depleted and, by using the Boyden chamber, it 
was shown that enou gh complement remained in rabbit serum to cause 
migration of leukocytes in vitro. 

Subsequent studies by Margaretten,'* using pharmacologic agents 
to prevent the aggregation and release of platelets confirmed the con- 
clusion that the direct active Arthus reaction was prevented by 
removing circulating platelets, The intravenous infusion of prostag- 
landin E and dipyridamole, both of which prevent platelet aggrega- 
tion, and neither of which is known to affect the complement system, 
prevented the reaction, 
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To understand the mechanism of action of platelets in the Arthus 
reaction, it must be realized that to produce local inflammation, 
antigen-antibody and complement must be present in periv; ascular con- 
nective tissue. Complement (C5 is probably the major component) is 
the proximate chemotactic agent for leukocvtes, but in this reaction, 
antigen-antibody complex is required for activation. Since antigen had 
been injected into the connective tissue, in the Hiromi hoes topenic 
animals either antibody or complement or both failed to cross the 
vascular barriers into the connective tissue. Fluorescein labeled + 
globulin was present in perivascular connective tissue in the panne 
reaction but was absent from the injection site in thrombocytopenic 
animals. This suggests that platelets are necessary for the exudation 
of y-globulin from the blood vessel in this reaction. According to 
Humphrey,“ thrombocytopenia does not prevent the reverse passive 
Arthus, indicating that platelets are not necessary for the diffusion 
of antigen from the blood vessel. The explanation mav lie in differences 
in the molecular size of antigen (approximatelv 40,000 BSA) and 
antibody (y-globulin 160,000) and/or the nature of the action of plate- 
let permeability factor. 

Since platelets seemed to be necessary for the diffusion of y-globulin, 
they were first thought to act by releasing histamine and/or serotonin. 
Kniker and Cochrane * and Henson and Cochrane * showed that in 
serum sickness, platelets, histamine and serotonin influence the localiza- 
tion of antigen-antibody complexes. However, when histamine and/or 
serotonin were injected locally or systemic: ally into thrombocytopenic 
animals they failed to restore the direct active Arthus reaction. How- 
ever, the systemic infusion of platelets did restore the reaction and 
it ened likely that platelets contained some other permeability 
factor. Mustard ?? demonstrated such a factor. This factor (or factors) 
which increases vessel permeability passes through a dialysis sac and is 
heat stable. Fractionation through Diaflo filters indicated permeability 
activity in substances of molecular weight 10,000 to 20,000, 1000 
to 10 000 and in molecules smaller than 1000. Some of the activity in 
the low molecular-weight fraction may have been due to histamine. 
The exact nature of platelet permeability factor remains to be deter- 
mined. It, or something like it, seems to be required for the exudation 
of y-globulin in the direct active Arthus reaction. 

It may be that platelets have this function only in the special case 
of the direct active Arthus reaction. The intrader mal injection of heat- 
aggregated y-globulin in thrombocytopenic animals resulted in a typical 
acute inflammatory response histologically, 5 indicating that platelets 
are not essential in this nonspecific inflammatory response. Nev ertheless, 


194 McKAY American Journal 
of Pathology 


to what extent platelets participate in the inflammatory response in a 
general and nonimmune sense, remains to be determined. 
Systemic Activation of the Coagulation 
Mechanism and Local Acute Inflammation 

Depending on when it occurs, an episode of disseminated intra- 
vascular coagulation mav produce more or less opposite effects on 
local inflammation. If it develops after local inflammation is established, 
the inflammatory site may be converted into an area of gangrenous 
necrosis. If it precedes the local injection of an inflammatory agent, 
it may completely prevent inflammation. 


Hemorrhagic Necrosis—the Local Shwartzman Reaction 


The injection of small amounts of bacterial endotoxin into the skin 
results in a typical nonspecific acute inflammatory response. This reac- 
tion will subside within a few days, leaving little or no evidence of its 
existence. However, if at some time between 6 and 72 hours after the 
skin injection a second injection is given intravenously, the area of 
local inflammation is converted into a hemorrhagic necrotic slough.*! 
The hemorrhage and necrosis are due to the development of occlusive 
thrombi in the microcirculation (venules and capillaries) of the local 
area. This reaction was originally thought to be a “hypersensitivity” 
phenomenon. However, that it is predominantly a phenomenon related 
to the blood coagulation system and is not specific for the develop- 
ment or presence of specific antibodies, is indicated by the fact that 
the intravenous injection of endotoxin can be substituted for by such 
immunologically inert substances as kaolin, starch, glycogen, carageenin 
and India ink." All of these substances act by virtue of their ability to 
agglutinate platelets, activate Hageman Factor and activate g-adren- 
ergic receptor sites. 

The conversion of a rather innocuous, transient, acute inflammatory 
process into a problem of gangrenous ischemic necrosis is a rather 
striking event. Clearly, it is mediated bv a sudden increase in the local 
thrombotic phenomena initiated bv the local injection of endotoxin, 
but the precise and proximate mechanism of this increase has not vet 
been elucidated. 

The local Shwartzman reaction is only illustrative of this tvpe of 
response which occurs in a variety of other clinical and experimental 
circumstances agents other than bacterial endotoxin. 


Prevention of the Local Inflammatory Response Associated with 
Disseminated Intravascular Coagulation 


The studies of Jancso 7” provide evidence that changes associated 
with the prior triggering of the blood coagulation mechanism Sys- 


Vol. 67, No. 1 COAGULATION COMPONENTS IN INFLAMMATION 195 
April 1972 


temically, will prevent manifestations of a local inflammatory response. 

Jancso’s end points of observation of the inflammatory response 
were twofold: a) histologic observation of the deposition of intravenously 
administered colloidal silver on the endothelium of the microcirculation 
and in perivascular macrophages at the inflammatory site and; b) 
edema fluid was quantitated in the rat bv me: asuring the increase in 
weight of the injected hindpaw. Unfor tunately, the emigration of 
polymorphonuclear lukocytes was not studied. Janeso used a variety of 
inflammatory agents, including 5-hvdroxvtrvptamine, compound 48/80, 
Wittes peptone, dextran, kallikr ein, human saliv: a, staphylococcus 
culture filtrate, bee venom and a variety of snake venoms. 

Jancso believed that some kind of clotting process was involved in 
the mechanism of inflammation. Specifically, he evolved the theory 
that the fibrin which formed on the vascular endothelium at the site of 
inflammation, trapped colloidal silver and increased capillary per- 
meability to fluid. He systemically administered "anticoagulants" and 
“defibrination” of blood to verify this theory. Although our own interpre- 
tation differs from the author’s, the observations remain and seem to be 
of major interest in the light of newer knowledge of the action of the 
sae indici system and the blood coagulation system 

Jancso's first observation was that heparin, admimistered svstemically, 
did not influence the inflammatorv reaction. This finding has been 
confirmed by Allison and Lancaster ^* and constitutes strong evidence 
against the concept of fibrin deposition as the mechanism involved. 

His next experiments involved the systemic administration of agents 
he classified as "anticoagulants." These agents included Liquoid (so- 
dium polyanetholesulphonate) and the inorganic salts of the rare earths 
lanthanum, cerium, neodymium, praseodymium and samarium as well 
as the organic compounds Helodym 88 (didvmius salt of p-acetyl 
propionic acid) and Thrombodym (neodymium salt of sulpho-isoni- 
cotinic acid). We now know that these substances, administered intra- 
venously, are not "anticoagulant" but are procoagulant. In large con- 
centrations they produce disseminated intravascular coagulation by 
activating Hageman Factor and platelet agglutination. 

When high doses of these substances were given intravenously 
before the inflammatory agents were injected locally, evidence of 
inflammation did not appear. Our interpretation of these observations 
is that some change associated with disseminated intravascular coagula- 
tion prevented the inflammatory response to a wide variety of in- 
flammatory agents. 

Janesos next experiment supports this concept. He induced dis- 
seminated intravascular coagulation to the point of "afibrinogenemia" 
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by infusing thrombin intravenously, which prevented the inflammatory 
response. W ith respect to animal experiments, the infusion of thrombin 
is the most direct and proximate means of producing disseminated 
intravascular coagulation. 

In these experiments, a relationship between the systemic blood 
coagulation mechanism and the acute local inflammatory response 
is clearlv established. What remains to be determined is the precise 
mechanism of this relationship and the points of interdigitation. The 
possibility that the points of overlap lie in activation of Hageman Fac- 
tor and/or complement, raise a variety of intriguing questions. 

As an addendum, Jancso produced local inflammation by injecting 
a variety of components of the coagulation mechanism, including 
thrombin, tissue thromboplastin and cephalin as well as Russell's 
viper venom. At first, this finding might seem to represent additional 
evidence of a relationship between the clotting mechanism and acute 
nonspecific inflammation. However, with the exception of thrombo- 
plastiir, which was obtained from rat brain, all of these substances were 
heterospecific to the rate—ie, the source of thrombin was bovine; 
cephalin was obtained from pig brain; and the venom from the snake. 
The inflammation produced may have been an immune type related to 
heterospecific antibodies. Hence, the inflammation observed cannot be 
considered conclusive until the same result is obtained with species 
specific substances. Despite this, tissue thromboplastin can be accepted 
as a local acute inflammatory agent. 

With a different purpose in mind and with a different ultimate inter- 
pretation, Willoughby ?' recently repeated the fundamental observa- 
tions of Jancso. The two studies are mutually confirmative and, taken 
together, provide additional insight into each other, 

With the knowledge that decomplementation of circulating blood 
prevents the immune inflammation of the indirect passive Arthus re- 
action, Willoughby raised the question of whether or not complement 
participated in nape (nonimmune ) acute inflammation. 

His experimental procedure mainly involved heat as the inflammatory 
stimulus, but occasionallv also turpentine. The end point in his study 
was the amount of edema at the inflammatory site based on wet weight/ 
dry weight ratios. Complement levels in the circulating blood were 
reduced by a variety of means including antigen-antibody complexes 
( ie, antibodies to poly morphonuclear leukocytes, lymphocy tes), heat- 
aggregated gamma globulin, antibody to complement and particulate 
matter (carrageenan). 

There was a proportional relationship of the amount of edema and 
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the percent decrease in complement. His conclusion was that comple- 
ment is as essential to the evolution of the nonspecific acute inflammatory 
response as to immune inflammation. 

This was a major contribution to an understanding of the mechanism 
of inflammation. However, the materials and methods used contain 
other implicit interpretations which relate to Tancso's experiments. The 
main point is that the agents used to reduce (activate) complement in 
the circulating blood also produce disseminated intravascular coagula- 
tion by activating Hageman Factor and aggregating platelets. It is 
noteworthy that the greatest reduction in local edema was produced 
by the particulate matter carrageenan which also caused the greatest 
reduction in circulating complement. Carrageenan has long been known 
to activate the coagulation mechanism. Parenthetically, crystals of uric 
acid represent another particulate substance which has been demon- 
strated to activate both Hageman Factor and complement. 

Complement depletion appears to be the proximate mechanism of 
preventing the local inflammatory response in Willoughby s and Jancso’s 
experiments. But, since the coagulation mechanism was also triggered 
in both studies, the role of Hageman Factor or some other enzyme in 
the coagulation cascade is again questioned. It is possible that intro- 
ducing these substances into the circulating blood activated comple- 
ment directly and Hageman Factor simultaneously. It is equally possible 
that Hageman Factor was the primary target, triggering the comple- 
ment system. 


Basic Biologic Properties Common to Certain Inflammatory Agents 


In addition to the specific experiments cited above, the inflammatory 
response and blood coagulation mechanism are brought close together 
by certain shared basic biologic properties of inflammatory agents. 

Four inflammatory agents—bacterial endotoxin (lipopolysaccharide ), 
antigen-antibody complex (protein + y-globulin), heat-aggregated y- 
globulin and particulate matter (carrageenan, sodium urate crystals )— 
commonly share the following biologic properties: 

1. Produce local acute inflammation °'*°° 
a) Fluid exudation 
b) Sticking of leukocytes to endothelium and 
leukocyte emigration (chemotaxis ) 
Activate complement °°)" 
3. Activate Hageman Factor ^'^? 
4. Aggregate platelets and release platelet con- 
stituents °°" 


bo 
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These lists are only partial and, undoubte dly, there will be additions 
in the future. 

At least two ideas are implicit in the above experimental observa- 
tions: 

1. Agents capable of activating the blood coagulation system as well 
as the inflammatory response provide evidence that the two systems 
share mechanisms and components in common and; 

2. Inflammatory agents, thus far studied, are of such w ‘idely divergent 
chemical composition that their shared biologic activities are not 
mediated by their chemical components but rather by a property which 
the surface of the molecules, aggregates and par ticulate substances have 
in common. Most likely this is a physical propertv of their surfaces 
and provides an interesting example of the interface between a physical 
force and a chain of ose reactions. 

Melmon and Cline °° pointed out other interesting analogies on the 
subject. Thev noted that “plasma kinin, complement and intrinsic 
blood coagulation systems are similar in several wavs and share certain 
key inter mediates, Each is a complex svstem of serum proteins whose 
activities are latent until activated. Activation of both the intrinsic clot- 
ting svstem and the kinin svstem is initiated by activation of Hageman 
Factor. ... the clotting process proceeds through a complex series of 
steps in whieh each clotting factor is sequentially activated and, 
turn, acts on the next factor. This series of activities has been called 
a waterfall or cascade. The process of complement activation prob- 
ably occurs by a similar cascade mechanism. The release of kinin 
appears to follow a similar, if somewhat more restricted, pattern of 
sequential activation of components. In each of the three systems 
some of the components are inactivated or depleted after they have 
fulfilled their function. In each system, a naturally occurring serum 
inhibitor of activation exists—ie, Cl esterase inhibitor, kallikrein in- 
hibitor and . . . [an inhibitor of Hageman Factor ]." 

It mav be that the activation of Hageman Factor is the center of both 
the blood co agulation system and the inflammatory reaction and that 
the activation of kinin, complement and coagulation systems are all 
secondarv. The studies of Keller meyer on sodium urate crystal arthritis 
provide the best experimental support for the theory, but whether or 
not this mechanism is operative for inflammation induced by other 
agents remains to be demonstrated. 


Summary 


1. Components of the blood clotting mechanism play a major role 
in certain types of inflammation. Fibrinogen (fibrin) and platelets in 
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vascular thrombi in the late stages of inflammation result in necrosis, 
which can be arrested experimentally and clinically bv administering 
anticoagulants and antiplatelet aggregates. 

2. Activated Hageman Factor, injected intradermallv, produces an 
inflammatory response. 

3. Monosodium urate crystals activate Hageman Factor in joint fluid 
and produce an acute ar thritis which can be prevented by an antibody 
to Hageman Factor. 

4. Hageman Factor activates the kallikrein system. 

5. Hageman Factor is capable of activating complement i in the plasma 
of patients with hereditary angioneurotic edema. 

6. Platelets are required for the leakage of y-globulin from the 
circulation and for the inflammatory response of the direct active 
Ar ne reaction. 

. Plasmin is capable of eliciting increased vascular permeability 
ot of activating a component of the complement system. 

Disemisted. intravascular coagulation may play a role in acute 
inflammation in two diametrically opposed ways: a) If it is induced 
after an acute local inflammation is established, it may increase the 
damage by increasing thrombotic vascular occlusion at the local site, 
leading to herorrhagic necrosis. b) If it is induced before the local 
inflammatory stimulus is applied, even the early phases of inflammation 
may be prevented. Nonspecific (nonimmune) decomplementation of 
the blood may be the responsible mechanism. 

Such chemically diverse inflammatory agents as bacterial lipopoly- 
saccharides, antigen-antibody complexes, heat-aggregated y-globulin 
and a variety of particulate substances share four basic biologic prop- 
erties—ie, production of acute inflammation, activation of comple- 
ment, activation of Hageman Factor and aggregation of platelets with 
release of their ori enis These shared biologic properties imply 
a basic mechanism common for blood coagulation and acute inflamma- 
tion. 

These observations are fragmentary. They often deal with special 
cases or tvpes of inflammation. Although overlapping is suggestive 
and proven in special cases, the extent to which they represent generali- 

zations for other types, or for all inflammatory reactions, will require 
considerably more study. 
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[ Illustrations follow ] 





Fig 1—Local site of inflammation 4 hours after intradermal injection of bacterial endotoxin. 
The endothelial cell of the capillary has formed a pocket by extension of its cytoplasm and 
has trapped a small amount of fibrin (x 11,200). CAP = Capillary lumen; E = Endothelial 
cell; F = Fibrin. 





Fig 2—Local site of inflammation 21 hours after intradermal injection of bacterial endo- 
toxin. This capillary is occluded by a thrombus composed of a central nidus of fibrin 
surrounded by platelets in various stages of degeneration. Red cells are trapped in the 
thrombus and the endothelium shows evidence of degeneration (x 6000). E = Endothelial 
cells; F — Fibrin; P — Platelets. 
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Fig 3—Nephrotoxic nephritis. Glomerulus 8 days after injecting anti-kidney antibody. The 
capsular space is filled with a loose meshwork of generally fine strands of fibrin (x 4000). 
F, = Fibrin in capillary lumen; F: = Fibrin in capsular space; BC = Basement membrane of 
Bowman's capsule; EP = Epithelium (visceral); BM = Basement membrane (capillary). 
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Fig 4—Nephrotoxic nephritis. Glomerulus 18 days after injecting anti-kidney antibody. The 
capsular space is filled with inflammatory cells, fibroblasts and epithelial cells with strands 
of collagen and fibrin interspersed (A crescent, x 2800). 7 = Tubular cell; BC = Bowman's 
capsule; CT = Connective Tissue; BM = Wrinkled collapsed capillary basement membrane. 





Fig 5—Nephrotoxic nephritis treated with heparin. Glomerulus 8 days after injection of 
anti-kidney antibody. This is essentially a normal capillary tuft (x 8000). CAP = Capillary 
lumen; R = Red blood cell; EP = Epithelial cell; BM = Capillary basement membrane. 
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ANIMAL MODEL Hydranencephaly, Porencephaly, 
FOR Cerebral Cysts, Retinal Dysplasia, 
HUMAN DISEASE CNS Malformations 





Animal Model: Bluetongue-vaccine-virus 
Infection in Fetal Lambs 


Contributed by: B.I. Osburn, DVM,PhD, Department of Pathology, School of 
Veterinary Medicine, University of California, Davis, Calif, and A.M. Silverstein, PhD, 
Wilmer Institute, Johns Hopkins University School of Medicine, Baltimore, Md. 


Biologic Features 


Cerebral malformations, including hydranencephaly and porencephaly 
have been reported in lambs and calves whose dams received a live 
attenuated bluetongue virus vaccine or contacted bluetongue infection 
during pregnancy." * Experimental studies, utilizing intrafetal inocula- 
tion at different stages of the 150 days gestation, indicated that the type 
of congenital anomaly found depended on the age of the fetal lamb at 
the time of inoculation." 

Lambs infected with bluetongue-vaccine-virus at 50 to 55 days of ges- 
tation developed a severe necrotizing encephalopathy and retinopathy 
which at 150 days of gestation, the time of birth, manifest as hydranen- 
cephaly and retinal dysplasia. ** Inoculation of lambs at 75 days resulted 
in a multifocal encephalitis and selective vacuolation of white matter 
which manifest as porencephalic cysts in the newborn. Ocular lesions 
were not observed in these newborn lambs. Lesions in brains of lambs 
inoculated after 100 days of gestation was confined to a mild focal men- 
ingoencephalitis. 

The virus selectively parasitized and destroyed immature cells in the 
nervous system.* Most of the lesions leading to the anomalies occur prior 
to the fetal age at which serum neutralizing antibodies to this virus are 
produced.* These observations suggest that virus localization and growth 
in the developing nervous system and the late onset of the serum neu- 
tralizing antibody response to the virus may be of considerable impor- 
tance in the pathogenesis of the viral infection leading to these anomalies. 


Publication sponsored by the Registry of Comparative Pathology of the Armed Forces 
Institute of Pathology and supported by Public Health Service Grant RR00301 from the 
Division of Research Resources, US Department of Health, Education and Welfare, under 
the auspices of Universities Associated for Research and Education in Pathology, Inc. 
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Fig 1 (top)—Oval rosettes typical of dysplastic retina in a newborn lamb inoculated with 


bluetongue-vaccine-virus at 50 days of gestation or 105 days prior to birth (Masson, 
x 140). 


Fig 2 (bottom)—Hydranencephaly. There are only modest remnants of neural tissue in 


the cranial cavity of this newborn lamb (150 days gestation) infected with bluetongue- 
vaccine-virus at 52 days of gestation. 
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Intrafetal inoculation with bluetongue vaccine virus ( Blucine-Cutter 
Labs, Berkeley, Calif) of time-dated pregnant sheep provides the only 
known readily reproducible model for studying congenital hydranen- 


cephaly and por encephaly. 


Comparison with Human Disease 


The morphologic features of hydranencephaly, porencephaly and 
retinal dysplasia in fetal lambs are very similar if not identical to that in 
man. In man, the etiology and pathogenesis of these anomalies are 
largely unknown. Defects in embryogenesis, vascular related destructive 
lesions and infectious processes have been postulated in some cases; 
however the possibility of a viral etiology has not received serious 
consideration. 
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Fig 3—Focal necrosis in subventricular zone of a 62 day fetal lamb 9 days after inocu- 
lation of bluetongue-vaccine-virus (H&E, x 200). 
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Fig 4—Extensive necrosis of the marginal and cortical zones of a 65 day fetal lamb 
12 days after inoculation of bluetongue-vaccine-virus (H&E, x 380). 


Important problems remaining to be solved are the biochemical or 
physiologic characteristics of the developing nervous system conducive 
to virus localization and proliferation, and the modifying effects of the 
hosts immune and/or interferon responses on viral activity in the devel- 
oping fetus. 
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percent globulins with a level of antibody to Rh, (D) equal 
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molar glycine as a stabilizer and 1:10,000 thimerosal as a 
preservative. 


INDICATIONS: GAMULIN Rh suppresses the immune 
response of nonsensitized Rh,(D) negative mothers follow- 
ing Rh incompatible pregnancies. The criteria for an Rh 
incompatible pregnancy are: That the mother shall be 
Rhs(D) negative, D" negative; and the infant shall be 
Rh5(D) positive or D" positive. 
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CONTRAINDICATIONS: Gamulin Rh must not be given to 
the infant. Gamulin Rh also should not be administered to 
an Rh,(D) positive or D" positive individual, to a recipient of 
an Rh,(D) positive blood transfusion, or to an Rh(D) 
negative mother previously sensitized by an Rh incom- 
patible pregnancy. Do not give intravenously. 


PRECAUTIONS AND REACTIONS: it is essential that cer- 
tain diagnostic and laboratory criteria be met before admin- 
istering this product. (See package literature.) An occa- 
sional patient has shown a systemic reaction manifested 
by a low grade fever. Allergic reactions, although not ex- 
pected, could occur. 


ADMINISTRATION: Consult package insert for detailed 
instructions. 


This product must be administered within 72 hours post- 
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Freedman 


Clinical Immunology 


By Samuel O. Freedman, M.D., Professor of Medicine, McGill University; Direc- 
tor, Division of Clinical Immunology and Allergy, The Montreal General Hos- 
pital. With Chapters by Phil Gold, M.D., Ph.D., David Hawkins, M.D., and 
Joseph Shuster, M.D., Ph.D. 


Clinical immunology is a relatively new and rapidly developing specialty in 
medicine. Consequently, as with any new field, there is an urgent need to provide 
both the information and the practical understanding of what this new field offers. 
This new book satisfies that need. 


Written by a well-known authority and several contributors from his own 
department, CLINICAL IMMUNOLOGY offers the knowledgeable range of a 
multi-authored text without repeating the material or presenting conflicting opin- 
ions so often associated with multi-authored books. 

Throughout the book, the clinical signfiance of the latest developments in 
research is emphasized. The clinical manifestations, diagnosis, and treatment of 
common immunologic disorders are related to current concepts of etiology and 
pathogenesis. In addition, the application of immunologic principles to the pre- 
vention of disease is stressed. 

Following a comprehensive introduction to the fundamentals of modern immu- 
nology (The Biology of the Immune Response), the clinical chapters present a 
broad viewpoint of immunologic diseases. This panoramic presentation includes 
immune deficiency states, diseases associated with hypergammaglobulinemia, 
organ transplantation, cancer immunology, collagen-vascular diseases, atopic dis- 
eases, allergic drug reactions, common immunization procedures, hypersensitivity 
to infectious agents, and the immunologic aspects of rheumatology, dermatology, 
nephrology, and hematology. 

There is no question that this book will benefit all who must understand and 
consider on a practical level the immunologic factors involved in patient care or 
clinical research. 
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CYTOLOGISTS: 


now prepare more slides 
in less time, with less fluid 






The Shandon Cyto-Centrifuge employs a 
unique cell concentrating and distributing 
technique permitting you to prepare a 
large quantity of microscope slides using 
a smaller amount of human blood plasma, 
synovial fluid, peritoneal exudates, semi- 
nal or other body fluids. Centrifugation and slide preparation are per- 
formed simultaneously, which eliminates prior centrifugation and saves 
you time. Improved head design ensures safety when working with 
pathogenic organisms. 

The Shandon Cyto-Centrifuge produces a monolayer of cells and does 
not damage individual cell structure. Also, processed slides can be 
rapidly scanned using a preset high power objective without adjust- 
ment between slides. Get the full story on the Cyto-Centrifuge and other 
quality scientific tools... write Shandon Southern Instruments, Inc., 
515 Broad Street, Sewickley, Pa. 15143 (Pittsburgh District). 





FRANKFURT 





PITTSBURGH . LONDON ° 





. [3 Paper Electrophoresis 
Use this [| Acrylamide Gel Electrophoresis 
Immuno Electrophoresis 
Thin Layer Electrophoresis 
High Voltage Electrophoresis 
Paper Chromatography 
Thin Layer Chromatography 


Preparative Layer Chromatography 

| Automatic Slide Staining Machine 
Tissue Processing Apparatus 
Cyto-Centrifuge 


Please send your request for the above literature to Shandon South- 
ern instruments, Inc., 515 Broad Street, Sewickley, Pa. 15143. 
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Now, Automatic Quantitative Microscopic 
Image Analysis —from Zeiss! 


We've added a unique precision scanning stage to our 
great optics, and the result is the most sophisticated system ever 
made for microphotometry. it's the Zeiss Scanning Microscope 
Photometer 05 for all types of photometric measurements in 
transmittance, absorbance, reflectance and fluorescence... and 
either on-line or off-line computer analysis. Cancer cytologists 
have already found it an invaluable tool... and other applications 
are developing daily in both the life sciences and industry. 


Here's what this unusual system consists of: 

A Zeiss Universal or Photomicroscope. Any analytical sys- 
tem that utilizes a microscope, no matter how sophisticated the 
electronics, cannot be any better than its optics allow. Infor- 
mation that's lost in the optical channels will not be retrieved 
in the electronic channels. That's why it's important to start 
with worid-famous Zeiss optics. 


A unique Zeiss precision scanning stage. The two avai! 
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separation of Beating Cardiac Myocytes from 
Suspensions of Heart Cells 


Thomas G. Pretlow ll, MD, Melvin R. Glick, MS and 
William J. Reddy, PhD 


Heart cells were obtained in suspension after incubation with collagenase and 
hyaluronidase in Saline A. Cardiac myocytes were separated by isopycnic centrifu- 
gation in 88.6 to 92.4% purity from other heart cells with different densities, and 
by velocity or rate-zonal sedimentation, in 92.8 to 97.4% purity from heart cells 
with different diameters. A previously described computer integration of the dif- 
ferential sedimentation equation was used to determine the centrifugal force, dura- 
tion of centrifugation and gradient design, which would permit the separation 
of cardiac myocytes from other heart cells by velocity sedimentation. The myo- 
cytes continued to contract rhythmically after being recovered from the density 
gradients. Velocity sedimentation was superior to isopycnic sedimentation for the 
separation of cardiac myocytes from heart cell suspensions because it gave the 
most highly purified myocytes, resulted in recovery of the largest proportion of 
myocytes in purified fractions from the gradient and required lower centrifugal 
forces for shorter periods of time. The potential significance of the availability 
of pure cardiac myocytes is discsused (Am J] Pathol 67:215-226, 1972). 


BoTH AVIAN AND MAMMALIAN cardiac myocytes can be ob- 
tained from minced heart muscle following incubation of the heart 
muscle with a variety of proteolytic enzymes and chelating agents.** 
Numerous investigators have reported that these mvocvtes contract 
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with an intrinsic rhythmicity when suspended in appropriate physio- 
logic salines, and beat synchronously during extended periods of culti- 
vation in vitro." DeHaan * recently employed beating avian cardiac 
myocytes as an exquisitely sensitive assay for toxic substances in tissue 
culture medium. The rhythmicity of myocytes in vitro would appear to 
be a generally useful parameter for the study of the nutritional ade- 
quacy of tissue culture medium, response to hormones in vitro, etc. 
While many investigators have not specifically mentioned the compo- 
sition of these heart cell suspensions, DeHaan ° noted cells which are 
similar to fibroblasts in addition to the myocytes; and Harary and Far- 
lev? described their suspensions as containing blood cells, "stellar 
cells" , myoblasts, and epithelial cells. This model system could be made 
more specific for the study of myocytes if pure myocytes could be cul- 
tivated in vitro in the absence of other heart cells. Similarly, the metab- 
olism of the cardiac myocyte could be more specifically studied if pure 
cells could be obtained. We now report a method for obtaining highly 
purified beating cardiac myocytes by separating the myocytes from 
the fibroblasts, endothelial cells, and blood cells which are found to- 
gether with myocytes in mvocardium. 


Materials and Methods 


Suspension of Heart Cells 


Heart cells were obtained in suspension using a modification of the method of 
Berry, Friend and Scheuer.? The heart ventricles were excised from two 150-200 
g, male, Sprague-Dawley rats, minced to ee of approximately 2 mm in 
greatest dimension, washed and placed in 1.5 ml of Saline A! containing 0.1% 
collagenase and 0.05% hyaluronidase (Sigma Chemical Company, St Louis, Mo 
63178). The cardiac muscle fragments were then gently agitated in this disag- 
gregation medium at 100 cycles/min for 15 minutes on a Dubnoff Metabolic 
Shaker with the water bath at 37 C. The supernatant from this first 15-minute 
incubation, containing predominantly red blood cells, was discarded. The super- 
natants from three subsequent incubations under identical conditions were washed 
to remove the collagenase and hyaluronidase, combined, resuspended and diluted 
to contain 15-25 x 109 heart cells in 7 ml of Saline A and.p gently layered over the 
density gradients. 


Gradient Centrifugation 


Previous reports have presented detailed accounts of the theory of gradient 
centrifugation as applied to mammalian cells, 15 detailed descriptions of the 
technic which we employ" for the separation of viable mammalian cells in gradi- 
ents of Ficoll (polysucrose, average molecular weight 400,000; Pharmacia Fine 
Chemicals, Piscataway, NJ) in tissue culture medium and the results of specific 
separations which have been carried out in our laboratory;!* °° therefore, we shall 
omit a detailed presentation of technic and theory from this report. 
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The gradients for isopycnic centrifugation varied linearly from 4.1% (w/w) Ficoll 
at the sample-gradient interface, 14.9 cm from the center of revolution, to 43.0% 
(w/w) Ficoll at the gradient-cushion interface, 26 em from the center of revolu- 
tion. Isopycnic centrifugation was carried out using a centrifugal force of 950 g at 
4.0 C for 90 minutes. After isopycnic centrifugation, the gradients were collected 
in 3-ml fractions. Refractive indices were measured on all gradient fractions in 
order to confirm the linearity of all density gradients. Cell counts were performed 
on all gradient fractions using hemocytometer chambers. Slides for microscopic 
examination were prepared using the Cytocentrifuge (Shandon Scientific Company, 
Sewickley, Pa) and stained with Wright stain (Chroma-Gesellschaft Schmid and 
Company, Stuttgart-Unterturkheim, Germany). Differential cell counts were per- 
formed, counting 500 cells from each gradient fraction. 

Gradients for the separation of cells by velocity sedimentation were constructed 
such that the Ficoll concentration varied linearly from 2.4% (w/w) Ficoll at the 
sample-gradient interface, 13.7 cm from the center of revolution, to 18.5% (w/w) 
Ficoll at the gradient-cushion interface 26.0 cm from the center of revolution. Pre- 
liminary velocity sedimentation was carried out at 18.7 g (measured at the sample- 
gradient interface 13.7 cm from the center of revolution) for short periods of time. 
Each respective type of cell was located on the gradient. The location of each 
type of cell, after the described velocity sedimentation, and the density of each 
type of cell, as determined experimentally using isopycnic sedimentation, were 
substituted in the computer integration of the differential sedimentation equation 
in order to calculate effective diameters for each of the modal populations of cells 
as described previously.!* The calculated effective diameters and the experimentally 
determined densities were then used in the computer integration of the differential 
sedimentation equation in order to ascertain: a) whether or not the described gradi- 
ent would permit the purification of cardiac myocytes and b) a satisfactory speed 
and duration of centrifugation for the separation of myocytes from the other heart 
cells which were present in the cell suspension. Simulated experiments carried out 
in this fashion indicated that centrifugation at 24 g (measured at the sample- 
gradient interface 13.7 cm from the center of revolution) for 30 minutes would 
result in separation of the myocytes from the other heart cells; laboratory experi- 
ments were carried out using these conditions. After velocity sedimentation, 4-ml 
fractions were collected from the gradients; refractive indices were measured, cell 
counts were performed, and slides for microscopic examination were prepared as 
described above. 


Results 


Sample Composition 


Suspensions of cells, which were obtained using the described pro- 
cedure modified after Berry et al * for the digestion of myocardium, con- 
tained consistently less than 23% cardiac myocytes. Preliminary purifica- 
tion of these heart cells could be accomplished by centrifuging them to 
form a pellet at 65 g for 3 minutes and selectively discarding the top 
portion of the pellet which was found to be rich in red blood cells. This 
preliminary step resulted in a maximum myocyte purity of 46%. Even 
after this preliminary purification step was repeated several times, the 
cardiac myocytes usually constituted considerably less than 46% of the 
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heart cells in this suspension. In some experiments, the hearts from 
heparinized rats (100 units intraperitoneally 20 minutes before sacri- 
fice) were perfused with saline A before being minced and digested 
with the described enzymes. While this perfusion step removed many 
of the red blood cells, some red blood cells always remained and the 
myocytes were never obtained in greater than 46% purity. Berry et al * 
described two-thirds of the myocytes examined with the electron micro- 
scope as being "morphologically intact." Using only light microscopy, 
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TExr-FiG l— Separation of rat heart cells by isopycnic sedimentation. In this experi- 


ment, 22.8 X 10° cells were separated on a linear, 11.1 cm, 4.1-43.0€ w/w Ficoll gradi- 
ent. Centrifugation was carried out at 950 g (measured at the sample-gradient inter- 
face) at 4.0 C for 90 minutes. In isopycnic sedimentation, cells are separated according 
to differences in density, It can be observed that there is an appreciable overlap be- 
tween the densities of the various kinds of cells. An arrow marks the sample-gradient 
interface on the density plot. 
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a very small proportion of the cells in our experiments appeared to be 


damaged. 


Isopycnic Centrifugation 


Isopycnic centrifugation resulted in an incomplete separation of the 
modal population of myocytes from the modal population of red blood 
cells ( Text-figure 1). In repeated experiments, 76.4 to 79.8% of myocytes 
were recovered in five 3-ml fractions ( Fractions 14 through 18) from the 
72-ml gradient. These myocytes varied in density from 1.12 to 1.14 
g/ml. Cardiac myocytes were obtained in a maximum purity of 88.6 to 
92.4% myocytes in Fraction, 18 after isopycnic centrifugation ( Text-fig- 
ure 1). Five adjacent 3-ml fractions from the gradient (Fractions 10 
through 14) contained 90.4 to 92.5% of the erythrocytes recovered from 
the gradient. These erythrocytes varied in density from 1.10 to 1.12 
g/ml. Erythrocytes were obtained in 76.2 to 83.0% purity in Fraction 12 
( Text-hgure 1). There are two well-defined modes of myocytes which 
are quite different from each other in density. As noted above, the over- 
whelming majority of myocytes is found in the mode having a density 
of 1.12 to 1.14 g/ml; these myocytes appear to be intact when ex- 
amined microscopically. The less dense modal population of myocytes, 
which is present at a density of 1.07 through 1.1 g/ml, are fragmented 
and considered to have been severely damaged by mincing and enzyme 
digestion steps used for disaggregation. 


Velocity Sedimentation 


After velocity sedimentation at 24 g (measured at the sample-gradi- 
ent interface 13.7 cm from the center of revolution) for 30 minutes, the 
cardiac myocytes were almost completely separated from other heart 
cells ( Text-figure 2). As noted previously, the starting sample suspen- 
sion of heart cells never contained more than 46% myocytes. In repeated 
experiments, 82.8 to 86.2% of the separated cardiac myocytes were re- 
covered in Fractions 12 through 22, varying in purity between 92.8 and 
97.4% myocytes. Both the maximum purity (Figure 1) and the largest 
number of myocytes were found in Fraction 15 (+ 1 gradient fraction). 
Since our purpose was to prepare pure myocytes, no effort was made 
to separate red blood cells from nucleated cells. This separation has 
been demonstrated previously '? and requires a gradient having a lesser 
slope (g/ml/cm), such as the isokinetic '? gradient. Myocytes were not 
present in the fraction that contained erythrocytes and nucleated cell 
peak (Figure 2). When gradients were made of Ficoll and Joklik’s 
modification of minimum essential medium, cardiac myocytes failed to 


220 PRETLOW, GLICK, REDDY American Journal 
of Pathology 


1.200 CUSHION 


DENSITY AT 40 C 





c6 HEART 

»———& VESSELS 

Q——-O RBC 

årh NUCLEATED CELLS 


2,000 


,000 


THOUSANDS OF CELLS 


500 


0 5 10 15 20 25 
FRACTION NUMBER 


Texr-Fic 2—Separation of rat heart cells by rate-zonal or velocity sedimentation. In 
this experiment, 24.7 X 109 cells were separated on a linear, 12.3 cm, 2.4-18.5$ w/w 
Ficoll gradient. Centrifugation was carried out at 24 g ( measured at the sample-gradient 
interface) at 4.0 C for 30 minutes. Rate-zonal sedimentation results in the separation 
of cells primarily because of differences in diameter. Cardiac myocytes are both more 
highly purified and more widely separated from the other heart cells than was observed 
after isopycnic centrifugation. 


beat after their entry into the gradients; this cessation of myocyte con- 
traction in media containing magnesium or calcium has caused most 
investigators to use media such as Saline A‘ which are free of cal- 
cium and magnesium. When gradients were made of Ficoll in Saline 
A, cardiac myocytes continued to contract rhythmically after they were 
separated by density gradient centrifugation. 

Velocity sedimentation offers several advantages over isopycnic sedi- 
mentation for the separation of cardiac myocytes since: a) the modal 
population of myocytes is more widely separated from the other kinds 
of cells, b) the myocytes are obtained in higher purity, c) the cells are 
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subjected to much lower centrifugal forces and d) the cells are avail- 
able more rapidly for subsequent experiments. 


Recovery of Cells 


After isopycnic centrifugation, 61.2 to 74.6% of the heart cells layered 
over the gradient were UHR in fractions from the gradient. After 
velocity or rate-zonal sedimentation, 64.4 to 75.2% of the cells in the 
starting sample suspension were recovered from the gradient. As noted 
above, the relative proportions of red blood cells and myocytes in the 
starting sample suspension varied as a function of the technic used for 
disaggregating the myocardium and according to the number of pre- 
liminary centrifugations carried out before gradient centrifugation. The 
peak heights and the areas under the peaks for each respective cell type 
varied as a function of the composition of the starting cell suspension. 
There did not appear to be a disproportionate loss of either red blood 
cells or cardiac myocytes. The numbers of neutrophils, vessel frag- 
ments and other nucleated cells in the starting sample suspension were 
too small to permit a rigorous evaluation of the recovery of each of these 
kinds of cells. The 24.8 to 38.82 of heart cells, which were present in 
the starting sample suspension and not recovered in the fractions from 
the gradient, represent a larger loss of cells than can be accounted for 
by experimental counting error. Much of this cell loss could have re- 
sulted from the wall effect artifact observed in all centrifugations car- 
ried out in cylindrical tubes. The wall effect artifact has been discussed 
in previous reports.’ 1 


Discussion 


The described technic for the purification of cardiac myocytes would 
appear to have considerable significance in several areas of investiga- 
tion. Pure cultures of cardiac myocytes have not been obtained by the 
currently available technics for dissociating and culturing heart cells. 
Mark et al ?' emphasize the changing proportions of endothelioid and 
muscle cells observed during the growth of heart cells in culture, and 
warn about interpreting enzyme or respiratory metabolic changes when 
such heterogeneous and changing cell populations are cultured together. 
The method reported here not only permits the inoculation of purified 
myocytes in culture, but allows immediate separation of millions of 
adult, differentiated heart muscle cells for metabolic and physiologic 
studies. One of our laboratories (Wm R and MG) has recently found 
that certain enzyme activities formerly attributed to heart muscle are, 
in fact, present in previously studied myocardium primarily because 
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the cardiac myocytes were adulterated with incompletely removed red 
blood cells. 

Clark ?? measured glucose utilization in dissociated heart cells under 
various experimental conditions. Schreiber et al ? reported specific al- 
terations in protein synthesis in the “overloaded” heart. Both the me- 
tabolism of cardiac myocytes under normal circumstances and the re- 
sponse of the cardiac myocyte to pathogenic stimulation could be more 
specifically elucidated using preparations free of other kinds of cells. 
Purified cardiac myocytes should proved particularly useful in the study 
of nutritional requirements of the heart cell. Gerchenson, Harary and 
Mead * reported that cultured heart cells require an exogenous supply 
of linoleic and palmitic acids for optimal growth and mitochondrial in- 
tegrity. While, by definition, whole animals must be able to synthesize 
all nonessential amino acids, certain adult cells are not able to synthe- 
size all of the required nonessential amino acids; for example, normal 
human bone marrow is not capable of synthesizing adequate amounts 
of serine and asparagine.” The availability of pure cardiac myocytes 
permits the investigator to study the nutritional requirements of this 
single cell type in vitro while excluding the possibility that other kinds 
of cells in the culture are altering the experimental conditions by ex- 
porting nutrients for use by the cardiac myocytes. Halle and Wollen- 
berger ?* recently described a defined medium without macromolecules 
for the culture of avian myocytes. Cultures of pure, mammalian cardiac 
myocytes would be particularly suited to the development of a defined 
medium for mammalian cells. The intrinsic rhythmicity of the cardiac 
myocyte provides a very sensitive assay of the cell’s milieu which is not 
available in work with other kinds of cells. 

DeHaan * recently detected a toxic substance readily eluted from 
disposable intravenous administration sets, that had been used to per- 
fuse cultured chick heart cells. The toxicity of the medium delivered 
through these sets was detected before cell death occurred by a de- 
crease in the fraction of cells actually beating. Other investigators afe 
studied the response of heart cells to drugs and other toxic substances. 
The information derived from this kind of study could be much more 
specific if the studies were carried out using only cardiac myocytes. 
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Fig 1—Fraction 15 from the rate-zonal separation of rat heart cells. This fraction 
contains purified cardiac myocytes (Wright stain, x 100). 





Fig 2—Fraction 4 from the rate-zonal separation of heart cells. This fraction con- 
tains the modal population of erythrocytes as well as nucleated cells and damaged 
cells. Red blood cells were not resolved from nucleated cells because of the very 
steep (g/ml/cm) gradient which was found to be optimal for the separation of 
cardiac myocytes from other cells (Wright stain, x 100). 


Defective Function of Renal Lysosomes in Mice 
with the Chediak-Higashi Syndrome 


David J. Prieur, DVM, PhD, William C. Davis, PhD and 
George A. Padgett, DVM 


Morphologically abnormal lysosomes demonstrated in individuals with the 
Chediak-Higashi syndrome (CHS) suggested a defect in the function of these 
abnormal lysosomes. To gain direct experimental evidence of such a defect, horse- 
radish peroxidase (HRP) was injected intravenously into CHS and control mice, 
the mice killed at varying intervals and the kidneys studied by ultrastructural 
cytochemistry. No morophologic difference was observed in the absorption and 
uptake of HRP by proximal convoluted tubules in the two groups of mice. In 
CHS mice, however, some of the HRP fused with enlarged lysosomes. By 48 
hours after injection, the lysosomes of normal mice had digested all but trace 
amounts of HRP, whereas large amounts were still present in CHS mice at this 
time. In CHS mice, moderate amounts were still present at 72 hours and trace 
amounts 96 hours post injection. This slowed rate of digestion of HRP by lyso- 
somes of the proximal convoluted tubule cells of CHS mice suggests a similar 
defect in all cells in CHS individuals in which there is a lysosomal degradation of 
protein or other matter obtained by endocytosis. Such a defect may explain some 
manifestations of impaired host defense observed in CHS (Am J Pathol 67:227- 
240, 1972). 


THE CHEDIAK-HIGASHI SYNDROME (CHS) is an autosomal re- 
cessive disease which has been reported to occur in four species: man,’ 
mink? cattle? and mice.* The homology of the disease in the four 
species is well established,>* but the basic biochemical defect has not 
been identified. Chediak-Higashi syndrome is manifested by partial 
albinism, an increased susceptibility to infectious disease and enlarged 
anomalous granules in many cell types. The enlarged granules in leuko- 
cytes have been shown to be lysosomes,’ whereas others, such as 
melanin granules, have not been classified as lysosomes. The manner 
in which the abnormal granules form in some cell types has been dem- 
onstrated. In both leukocytes ** and melanocytes’ the abnormally 
enlarged granules are caused by an unregulated fusion of granules. 

Although the function of cells with abnormal granules has been 
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shown to be defective in some respects, such as chemotaxis," killing of 
bacteria 7? and degranulation,'*'!'? experimental evidence of a defect 
in lysosomal function has not been demonstrated directly. In a pre- 
liminary report on the catabolism of egg albumin in renal epithelial cells 
of mice and mink with CHS, evidence was obtained suggesting such 
a defect." In the present studv, horseradish peroxidase was used to 
study further the functional capacity of morphologically abnormal 
lysosomes in the renal tubule cells of mice with CHS. 


Materials and Methods 


Animals 


Mice with CHS and the background genes of C57BL,6] mice were obtained 
from Jackson Laboratories (Bar Harbor, Maine) as brother-sister pairs of bgbg 
(homozygous for the beige or CHS trait) and +bg (heterozygous for the beige 
trait). They were maintained by brother-sister matings of bgbg to --bg for five 
generations and then were mated at random. The CHS mice used in this study 
were obtained from these random matings. The control mice were offspring of 
C57BL/6] mice derived from matings of +bg mice and shown, by test matings, 
to be free of the beige gene. 


Technics 


Beige and C57BL/6] young mature female mice were injected in the tail vein 
with 0.1 ml of saline containing horseradish peroxidase (Sigma Type H, Sigma 
Chemical Company), 12 mg/100 g body weight. These mice, along with saline- 
injected beige and C57BL/6] controls, were killed by cervical dislocation at sched- 
uled times from 90 seconds to 96 hours after injection. After the renal veins were 
incised, the kidneys were perfused with physiologic saline (37 C) injected slowly 
into the left ventricle of the heart, and the kidneys were subsequently perfused 
with either 4% glutaraldehyde diluted with physiologic saline or with 1.5% glutaral- 
dehyde in 0.1 M KPO, buffer to which 1% sucrose (KP-S buffer) pH 7.4 was 
added, The kidneys were placed in 1.5% glutaraldehyde-KP-S buffer for 2 to 6 
hours, washed three times in KP-S buffer and stored at 4 C until sectioned. Kidney 
cortex was sectioned at 50 u on a TC-2 Smith Farquhar tissue chopper (Ivan 
Sorvall, Inc). Cross-sections of cortex were collected, rinsed in KP-S buffer and 
stained for peroxidase.'7 A saturated solution of 3,3’-diaminobenzidine was pre- 
pared by adding 6 mg of 3,3'-diaminobenzidine to 9 ml of 0.05 M Tris-HCI buffer, 
pH 7.4, and shaking the solution for 30 minutes at room temperature. One milli- 
liter of a 1% solution of hydrogen peroxide was then added, the solution was 
shaken thoroughly and filtered. Sections of kidney were incubated in 2 to 3 ml of 
this solution for 10 minutes, washed three times in distilled water, post-fixed for 
45 minutes in a 1% solution of osmium tetroxide on ice!® and en-block stained for 
2 hours with a 1€ aqueous solution of uranyl acetate. The tissues were washed twice 
with distilled water, dehydrated in graded solutions of ethanol and embedded in 
Epon-Araldite.!? Thick and thin sections were cut with glass and diamond knives, 
respectively, on a Porter-Blum MT-2 ultramicrotome. The thin sections were 
viewed, either unstained or stained with lead citrate and uranyl acetate, in a Philips 
200 electron microscope. 
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Results 


Horseradish peroxidase ( HRP) is endocytized by cells of the renal 
tubules and when incubated with diaminobenzidine and hydrogen per- 
oxide electron-dense deposits are produced which can serve as ultra- 
structural markers. None of this cytochemical reaction product was ob- 
served in saline-injected control mice of either the CHS or normal group. 

Although post-staining with lead citrate and uranyl acetate helped 
visualize structures in the electron microscope, it was not essential, 
and electron micrographs were taken of the unstained sections. 

In both CHS and black (control) mice killed 90 seconds after the 
injection of HRP, the reaction product of HRP was present just beneath 
the brush border in apical portions of the proximal convoluted tubule 
cells. Little HRP could be demonstrated attached to microvilli of brush 
borders in either group of mice killed at this or subsequent times. At 
this early stage of absorption of HRP, there was no demonstrable dif- 
ference in the distribution or the amount of HRP in the two groups of 
mice. At 5 minutes after injection, there was no difference in the ap- 
pearance of HRP in the apical vacuoles of the cells of the two groups 
(compare Figures 1 and 2), but by this time, some of the HRP had 
entered deeper parts of the cells and, in the CHS, had fused with en- 
larged granules in cells of animals with CHS (Figure 2). With mice 
killed at increasing time intervals after injection, there was an increas- 
ing amount of the HRP in phagolysosomes in deeper parts of the cell. 
In groups of mice killed beyond several hours after injection, there 
was a concomitant decrease in the amount of HRP present in apical 
portions of tubule cells in apical vacuoles. By 18 hours after injection, 
very little HRP was present in apical vacuoles (Figures 3 and 4). At 
this time, no difference in the amount of HRP in cells of the two groups 
of mice could be discerned. In individual phagolysosomes, however, 
because CHS cells had larger but fewer phagolysosomes, there was 
more HRP in the phagolysosomes of the CHS cells. 

There was a gradual decrease in the amount of HRP present in 
phagolysosomes of both groups of mice killed after 18 hours postinjec- 
tion. In the control group, however, the rate at which HRP disappeared 
from the phagolysosomes was more rapid. In the control mice killed 
48 hours after injection, only trace amounts of HRP were present ( Fig- 
ure 5). In CHS mice killed at this time a considerable amount of HRP 
was present (Figure 6), but substantially less than was present in CHS 
mice killed 18 hours after injection (Figure 4). The amount of HRP 
in phagolysosomes of CHS mice continued to decrease and, in the 
group killed at 72 hours, there was a moderate amount of HRP present 
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(Figure 7), the quantity of which was only slightly less than that pres- 
ent in CHS mice killed at 48 hours ( Figure 6). At 72 hours after in- 
jection, HRP was present in both enlarged phagolvsosomes and in more 
normal appearing phagolvsosomes (Figure 7). At 96 hours after in- 
jection, only trace amounts of HRP were present in CHS mice, the 
amount being roughly comparable to that observed in control mice at 
48 hours after injection. 

No HRP was evident in the proximal convoluted tubule cells of con- 
trol mice killed at 72 and 96 hours. Because 96 hours was the longest 
time interval after injection that mice were killed, it was not ascer- 
tained how much longer the trace amounts of HRP persisted in the 
CHS mice. Because there was a more marked decrease in the amount 
of demonstrable HRP in the CHS mice between 72 and 96 hours than 
between 48 and 72 hours, it is assumed that the HRP persisted a rela- 
tively short time beyond 96 hours. 

Homogeneous electron-lucent bodies were observed in the phagoly- 
sosomes of both CHS and control mice. Many of these bodies had a 
spherical shape, and some appeared to be membrane limited; HRP 
was not observed in them. In CHS mice, some of these bodies were 
much larger than those in control mice, but most were approximately 
the same size (compare Figures 3 and 4). These bodies may represent 
virgin lysosomes which have fused with the preexisting phagolysosome. 
On the other hand, they may be simply lipid bodies. 

The basic structure of the phagolvsosomes of CHS and control mice 
was similar. The CHS phagolysosomes were larger, however, and were 
often more irregular in shape (compare Figures 3 and 4). Although 
there was often a close association between lysosomes and other cellu- 
lar organelles, especially mitochondria, the inclusion of these organelles 
in the lysosomes was not observed in either CHS or normal mice. 


Discussion 


Although enlarged granules have been observed in manv cell tvpes 
in CHS, evidence from several sources has suggested that it is not a 
classical storage disease. Cytochemical studies have demonstrated that 
the enlarged granules in CHS varv from one cell type to another but 
that the cytochemical reactions are similar to those of the normal 
granules in a particular cell type. Secondly, it has been demonstrated 
in leukocytes and melanocytes that the enlarged granules in these cell 
types arise by fusion of preexisting granules which arise by normal 
pathways.*'^ Finally, it has been demonstrated that CHS fibroblasts 
grown in cultures with fibroblasts from several inherited storage dis- 
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eases, corrected the cellular accumulation of metachromatic granules 
in fibroblasts from individuals with those diseases but were not in turn 
corrected by the fibroblasts of any of the inherited storage diseases.” 

Most of the studies on CHS involved neutrophils. Although differ- 
ences have been demonstrated between neutrophils from normal and 
CHS individuals, attempts to demonstrate a functional defect in the 
digestive capacity of lysosomes of neutrophils was not obtained. Some 
of the difficulties associated with the demonstration of such a defect 
in neutrophils are directly related to the peculiarities of this cell type. 
Neutrophils produce their lysosomal granules in the bone marrow in a 
specific stage of maturation. After maturation, the neutrophil is re- 
leased from the bone marrow and subsequently, either in the blood 
stream or in the tissues, it phagocytizes material such as bacteria. Upon 
phagocytosis, the lysosomes fuse with the phagocytized material, digest 
it and the cell dies. 

In contrast to neutrophils, most cells of the body are long-lived, con- 
tinually producing lysosomes and continually endocytizing and digest- 
ing material. To measure the digestive capacity of lysosomes it would 
be advantageous to use a long-lived cell that is stationary, has a defi- 
nite orientation and has a primary function in the digestion of non- 
replicating material. 

The use of the exogenous marker protein horseradish peroxidase 
(HRP), for functional studies of lysosomes of the renal proximal con- 
voluted tubule cells is well established.? ?? Proteins with molecular 
weights of less than 70,000 pass through the glomeruli, with the per- 
meability of glomeruli to smaller protein molecules increasing with 
decreasing molecular weights.” Horseradish peroxidase has a molecu- 
lar weight of approximately 40,000 and is rapidly cleared by glo- 
meruli." It has been shown that this protein accumulates at the base 
of the brush border of proximal convoluted tubule cells and enters the 
cells in apical tubular invaginations. The apical vacuoles containing the 
HRP appear to enlarge either through transport of additional HRP 
through apical tubules or by fusion with each other? It has been 
shown that apical vacuoles fuse with the lysosomes and that the endo- 
cytized HRP is digested in the resulting phagolysosome.? Because 
there is no endogenous peroxidase in the kidney, the HRP can be posi- 
tively identified in the aforementioned structures by cytochemical 
methods with no interference. It was with these advantages in mind 
that functional studies on lysosomes of proximal convoluted tubule cells 
of CHS mice and mink were performed using large doses of egg al- 
bumin.'5 Although suggestions of a slowed rate of digestion were ob- 
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tained, good technics were not available to directly identify egg al- 
bumin and its exact cellular location. 

Thus, in this study, the HRP technic was used not only to identify 
the endocytized material, but also to reveal rough quantitative differ- 
ences in the processing of the enzyme. It was concluded that the lyso- 
somes of CHS mice digested the HRP at a slower rate than did normal 
mice. The present study did not reveal gross differences in the endo- 
cytosis of the enzyme, but an abnormality in the uptake of material 
in CHS has not been suggested by previous studies in the literature. 

Although the large granules in the renal tubule cells of the CHS 
species do resemble nonfunctional residual bodies, the results of this 
study indicate that they are functional albeit they perform their func- 
tion of digesting endocytized material more slowly than do phagoly- 
sosomes of normal animals. 

Whether the slowed rate of digestion is due to a deficiency of a 
lysosomal enzyme or enzymes is not known. Although one group of 
investigators has demonstrated a reduced amount of lysosomal enzymes 
in CHS granulocytes," most investigations have failed to demonstr ate 
such a reduction. In fact, the current opinion is that the defect in CHS 
involves the membrane of the various granules rather than the con- 
tent.'*?' In light of this, it might be speculated that the slowed rate of 
digestion in lysosomes in CHS is not due to any inherent lysosomal en- 
zyme deficiency but is due, instead, to the steric relationships in en- 
larged lysosomes. It may take longer for all HRP to come in contact 
with digestive enzymes within the enlarged lysosomes, compared to 
the smaller lysosomes of normal cells. 

Regardless of the exact reason for the slowed rate of digestion by 
lysosomes, the demonstration of this defect has implications in some 
manifestations of CHS related to impaired host defense. Because of 
the homology of CHS in the four species, findings in one species can be 
extrapolated to the other three. It has been shown that mink with CHS 
have a depressed immune response, especially the anamestic response, 
to at least two antigens.™™ It had been shown previously that macro- 
phages, lvmphocytes and plasma cells contain abnormal granules in 
CHS; and it is thought that these cells participate in some manner in 
the processing of antigen and the production of antibody. Although 
the exact role of each of these cells in the immune response is not 
resolved, there is evidence that the macrophage is necessary for an 
immune response with some antigens." Although it is hazardous to 
extrapolate findings between species and cell types, slowed catabolism 
of HRP in the renal tubule cells in CHS mice may support the hypothe- 
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sis suggested previously * of a slower rate of metabolism of antigen 
in CHS mink. The application of technics used to study the digestion 
of peptides by lvsosomes of normal macrophages?' may vield data 
that will resolve this point if applied to the study of CHS. 

Mink with Chediak-Higashi syndrome also have been shown to die 
more rapidly after infection with Aleutian disease virus than did non- 
CHS mink.?? The cause of death in both CHS and non-CHS mink is ap- 
parently an immune complex glomerulonephritis.** Although no differ- 
ences have been demonstrated in lesions or in the level of virus in the 
two groups of mink, the rate at which antigen-antibody complexes ac- 
cumulate in the glomeruli of CHS mink appears to be increased.** Rec- 
ognizing the role of the glomerular mesangial cell in the digestion of 
glomerular residues,” one may extrapolate findings of the present study 
to support the suggestion ** that the increased rate at which immune 
complexes accumulate may be due to a slowed rate of removal. 
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Legends for Figures 


All figures are electron micrographs of horseradish peroxidase (HRP) preparations 
of mouse renal tubule cells. See text for details. 


Fig 1—Control mouse kidney 5 minutes after HRP injection. | A—HRP is present 
in the apical portion of the cell (arrows) beneath the base of the brush border (BB). 
B—!n addition to HRP in the apical vacuoles (AV), some has penetrated deeper into 
the cells and has fused with lysosomes (arrows) (A x 4000; B x 14,000). 


Fig 2—CHS mouse kidney 5 minutes after HRP injection. A—The HRP accumu- 
lated in apical vacuoles (AV) beneath the brush border (BB) in a manner similar to 
that of the control mouse kidney in Fig 1. B—A lower-power view illustrating a 
similar area.  C—-Particles of HRP (arrows) have fused with a lysosome in the 
deeper part of the cell. (A x 23,000; B x 3500; C x 23,000). 
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Fig 3—Control mouse kidney 18 hours after HRP injection. Most of the HRP is present in 
phagolysosomes in the deeper parts of the tubule cells. A little, however, is still present in 
apical vacuoles (arrows). Homogeneous bodies (B) appearing to be sometimes membrane 
limited, are present in most of the phagolysosomes and do not contain HRP (A and B, 
x 14,000). Fig 4—CHS mouse kidney 18 hours after HRP injection. The HRP is present 
in phagolysosomes as was that of the control mice in Fig 3. The phagolysosomes in this figure 
are larger, which is characteristic of CHS, but in addition some of the homogeneous bodies 
(B) in the phagolysosomes are much larger than those of the control mice (compare with 
Fig 3) (A, B and C, x 14,000). 
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Fig 5—Control mouse kidney 48 hours after HRP injection. Only trace amounts of HRP 
are present (arrows). The HRP that is present is located entirely within phagolysosomes 
(A and B, x 14,000). Fig 6—CHS mouse kidney 48 hours after HRP injection. Relatively 
large amounts of HRP (compared to the control in Fig 5) are present in the phagolysosomes 
(arrows) (X 14,000). 
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Fig 7—CHS mouse kidney 72 hours after HRP injection. Moderate 
amounts of HRP are present in the large phagolysosomes and some 
HRP is present (arrows) in what may be a normal-sized phagolysosome 


or possibly the sectioned end of a large phagolysosome (A and B, 
x 14,000). 


Morphologic and Functional Characteristics of 
Long-Term Cultures of Murine Myeloma Cells 


George D. Sorenson, MD and Olive S. Pettengill, PhD 


Murine myeloma cells proliferate well in cell culture even after up to 5 years 
in vitro and the globulin synthesized, as well as the ultrastructure, continues to 
be comparable to that of original tumor cells. Globulin synthesis by cultured cells 
from the C3H mouse tumor (5563) ranged from 6 to 12.2 mg/g/48 hr and by 
cultured cells from Balb/c mouse plasmacytomas MOPC 21, 31C and 315 up to 
40 mg/g/48 hr. This production is greater and occurs over a more prolonged 
period than those reported in other known published observations on globulin 
synthesis by normal or neoplastic cells from mice or other sources. However, both 
rate and quantity of globulin synthesis tend to decrease with time in vitro and 
this is inversely related to growth rate, which tends to increase with time in vitro. 
No evidence was found for increased globulin breakdown either intra- or extra- 
cellularly in these cultures (Am J Pathol 67:241-264, 1972). 


THE DEVELOPMENT and ready availability of transplantable 
murine plasmacytomas has provided the opportunity for a wide variety 
of studies upon neoplastic plasma cells in recent years. Investigations 
have been made of tumor induction '? and development,** ultrastruc- 
tural features ** serum alterations ** and immunoglobulin character- 
istics,!* as well as numerous studies of immunoglobulin biosynthesis 
and assembly. Many of these investigations have been considered in 
recent reviews.!?19 

The development of methods for prolonged cell culture of murine 
myelomas has provided the opportunity to study these cells for extended 
periods under stabilized environmental conditions in which factors af- 
fecting growth as well as differentiated function may be examined.''?? 
The established cell lines continued to synthesize and secrete the same 
immunoglobulin as is produced by tumors of origin in vivo. These cell 
cultures were studied to learn more about factors that affect the produc- 
tion of export proteins in general and, more specifically, factors that 
affect the production of globulin by cells that, although neoplastic, have 
many characteristics of normal plasma cells. Thus, information derived 
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from these cell cultures in vitro may provide added insight into cer- 
tain aspects of immunologic reactions in vivo. Some investigations of 
cell characteristics and protein synthesis by these cells, in this labora- 
tory, have been presented in brief form previously. The results of a 
long-term continuation and expansion of these studies are included in 
this report. 


Materials and Methods 


A cell line (WU-29) derived from murine myeloma x55635 was used initially 
for these studies. Methods for the suspension culture of these cells in vitro have 
been described previously.!? More recently, myeloma cells from Balb/c tumors 
MOPC 21 and MOPC 31C have been established ín vitro, using similar methods, 
and MOPC 315 was established in culture by alternate passage through mouse 
and cell culture.?42?? The cell lines are termed SLU-5, SLU-K1 and SLU-J27, 
respectively. Analogous studies were made with these additional cell cultures. 

WU-29 cultures were originally established by mechanically dissociating the 
tumor, and cells were grown in plastic flasks in Leibovitz L-15 medium containing 
20% fetal calf serum, 50 units each of penicillin and streptomycin/ml and 1 mM 
glutamine. Batches of fetal calf serum were selected on the basis of ability to sup- 
port growth and maintain viability of myeloma cell lines in this laboratory. Adapted 
cell cultures were established at concentrations of 4 x 105 cells/ml and incubated 
in 5% CO, in air at 36 C. The cells. were centrifuged and the medium renewed 
2 to 3 times weekly. After several years of continuous culture, it was necessary 
to replace the medium every 2 days to maintain viability. Cell counts were made 
in a hemocytometer or with a Coulter counter and viability was estimated by 
trypan-blue exclusion. The studies of protein synthesis were made with both 
freshly isolated tumor cells and, at intervals, with cells which had been grown 
in vitro for as long as 5 years. The latter will be referred to as adapted cells. SLU.5, 
SLU-K1 and SLU-J27 were grown in Dulbecco's modification of Eagle's medium 
with 20% fetal calf serum under the same conditions. 


Antibody 


Goat antimurine serum and antimurine globulin were obtained from Hyland 
Laboratories; rabbit antisera to egg albumin, crystallized four times, murine serum 
and purified mouse y-globulin (Pentex) were prepared in our laboratory. 


Electrophoresis 


Serum and culture specimens were evaluated by starch gel electrophoresis 2? and 
by cellulose acetate electrophoresis, utilizing barbital buffer (pH 8.6, ionic strength 
0.075) and the Beckman Microzone Electrophoresis Cell. In some instances, cells 
and medium were concentrated approximately ten times by vacuum dialysis before 
electrophoresis. 


immunoelectrophoresis 


Serum and concentrated culture medium were analyzed by microimmunoelec- 
trophoresis?* in agar with veronal buffer at pH 8.6. Goat or rabbit antimurine 
serum was allowed to diffuse for 24 to 48 hours to develop immunoelectrophoretic 
patterns. 
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Autoradiography 


Cells were cultured for 48 hours with 1 uCi !* C-labeled amino acids (reconsti- 
tuted protein hydrolysate, Schwarz Bioresearch) per milliliter. The contents of 
single flasks were dialyzed, concentrated and evaluated by micro immunoelec- 
trophoresis, as previously described. Autoradiography was performed at room 
temperature with sheet film (Kodak RS Pan, ASA 650). The exposure time was 
3 to 14 days. The globulin synthesized in vitro was detected and identified by 
comparing the autoradiographic image with the stained immunoelectrophoretic 
pattern. As a control for nonspecific attachment of radioactive label to previously 
synthesized protein, serum from tumor bearing mice was incubated for the same 
length of time with the complete cell culture medium and the same amount of radio- 
actively labeled amino acids. This was then similarly concentrated and evaluated 
by immunoelectrophoresis and autoradiography. 


Radial Diffusion 


Quantitation of globulin within cultures was obtained using an immunologic 
method of single radial diffusion 25 and by micromodification of this technic.?9.?7 
For the former, cells and medium from individual flasks were concentrated approxi- 
mately 15-fold and then diluted to a uniform volume of 0.3 to 0.5 ml. Aliquots 
of 50 À were added to center wells. Petri dishes were prepared with a layer of 1% 
agar containing goat antimurine globulin or rabbit antimurine y globulin and 
sodium azide (0.14). 

More recently, a modified micro method of radial diffusion has been utilized 
similar to that described by Fahey et alt and Mancini et al.?9* Agar wells were 
filled with unconcentrated cells and medium. Slides were stored in a humid 
chamber for 72 hours. Similar amounts of known concentrations of murine globulin 
were evaluated each time as standards. The slides were rinsed in two changes 
of 1% NaCl overnight and once in water before drying. The zone of precipitate 
on the dried, stained slide was measured. 


Double Diffusion 


Micro double diffusion (Ouchterlony) studies were prepared in 1% agar upon 
glass slides and evaluated after 24 hours. 


Purification of «5563 Globulin 


Using the method described by Askonas,?* x 5563 tumor-bearing mouse serum 
was dialyzed overnight against three changes of 0.01 M K,HPO.-KH,PO, buffer, 
pH 6.5. Separation was made on a DEAE-cellulose 1 g) column. Serum was added 
in dialyzing buffer, and eluted with a gradient produced by the addition of 0.2 
M K.HPO,-KH.PO, buffer (pH 6.5) through a mixing vessel. 


lodination of Globulin 


This was performed by a modified method of McConahey and Dixon?? in which 
2 mCi !?5] (Nal, New England Nuclear) was added to 2 mg purified mouse 
y-globulin (Pentex), in 4 ml of 0.05 M phosphate buffer, pH 7.0, 100 ug chlora- 
mine-T was added and the mixture stirred for 5 minutes. Then 0.1 ml of a 1 
mg/ml solution of sodium metabisulfite was added. After 10 minutes, the mix- 
ture was dialyzed for 48 hours with four changes of buffer. Labeled globulin was 
sterilized by Millipore filtration. Preparations were counted as washed TCA 
precipitates on a Millipore filter, wrapped in aluminum foil in tubes in a Nuclear- 
Chicago gamma counter equipped with a well-type crystal scintillation detector. 
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Preparation of DNP-antigen 


2, 4-Dinitrophenyl-bovine serum albumin conjugate was prepared as described 
by Little and Eisen.39 


Radioimmunoassay 


To evaluate changes in rate of synthesis of globulin at specific times, radio- 
immunoassay was used. Cell cultures were labeled for 2 hours with 10 or 20 
uCi L-(C,, UL) leucine or 50 to 75 uCi L-(?H,4,5)-leucine/5 ml. Aliquots of 
cells and medium were quick-frozen and sonicated at the time of assay. All samples 
were corrected to the same amount of globulin (on the basis of radial diffusion 
quantitation of globulin) by addition of normal mouse serum. For non-specific 
precipitations, equivalent amounts of egg albumin and anti-egg albumin were 
added and removed by centrifugation two times. The third specific precipitate 
was made with rabbit anti-mouse globulin slightly on the side of antibody excess. 
This precipitate was collected, centrifuged, washed and dissolved in 0.3 ml of 
0.1 N NaOH. Aliquots of 50 à were neutralized with 3.5% acetic acid and counted 
in a Beckman Scintillation Counter in 10 ml of 10% Bio-Solv Solubilizer 3 (Beck- 
man) in F'uoralloy-toluene (Beckman) to within an error of +10 to 15%. 


Electron Microscopy 


Cultured cells were fixed in 6.5% glutaraldehyde in cacodylate or phosphate 
buffer (pH 7.3), centrifuged, rinsed with buffer and post-fixed in 19 osmium 
tetroxide in phosphate buffer. Cell pellets were embedded in a mixture of Epon- 
Araldite,??! sectioned and examined in either an RCA 3F or Siemens electron 
microscope. Sections l to 2u in thickness were stained with methylene blue and 
examined by light microscopy to determine cell sizes. 


Results 
Cell Proliferation 


The myeloma cells proliferate extremely well under the described 
conditions of culture, and representative growth curves are presented 
in Text-figure 1. In the newly established line, there is a short lag phase 
of growth lasting 6 to 9 hours followed by cell proliferation over the 
next 72 hours until a plateau is reached. The lag period has tended 
to diminish as the cultures are maintained in vitro for a longer time. 
Maximum proliferation was between 24 and 48 hours, but recent cul- 
tures grow at a uniform rate from 0 to 48 hours. The average doubling 
time during the first 48 hours after subculturing was approximately 24 
hours for cells newly adapted to continuous culture. After 4 years, this 
was reduced to 20 hours. 


Morphology of Tumors and Cultured Cells 


The solid tumor consists of a uniform population of large cells with 
big nuclei and prominent nucleoli. The cytoplasm of these cells pos- 
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sesses abundant rough endoplasmic reticulum as well as many free 
ribosomes (Figure 1). The Golgi area is prominent. Vital particles are 
observed in three locations in these cells. These are a) intracisternal 
double shelled particles which appear to form from the rough endo- 
plasmic reticulum, b) double shelled particles free in the cytoplasm 
which are frequently in or near the Golgi area, and c) double shelled 
particles which appeared to bud from the plasma membrane or to be 
incorporated into the end of cell processes. The intracytoplasmic and 
peripheral forms have been proposed as stages of mammary tumor 
virus (MTV) by ultrastructural and transmission studies.?? The freshly 
dissociated neoplastic cells are rounded and appear unharmed by this 
manipulation. The ultrastructure is essentially the same as that of cells 
in the solid tumor (Figure 2). 

Light and electron microscopic examination indicate that the murine 
myeloma (5563) cells have retained a relatively stable morphology 
in vitro for 5 years, although the number of cytoplasmic viral particles 
identified as mouse mammary tumor virus appears to be decreasing in 
WU-29. Otherwise, the cells appear essentially the same as the freshly 
isolated cells from the solid tumor (Figure 3). The cells remain sus- 
pended as individual round cells which do not attach to the wall of the 
culture vessel. The Epon-Araldite embedded cells vary in size from ap- 
proximately 10 to 20 u in diameter. All cells possess abundant free ribo- 
somes and also much rough endoplasmic reticulum. Viral particles per- 
sist which are identical to those present in the original 5563 murine 
tumor. 

The ultrastructure of SLU-5 cells differs from WU-29 in that the 
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former show a greater number of membranous structures ( myelin fig- 
ures) in the cytoplasm (Figure 4), the significance of which is un- 
known, and do not contain viral particles comparable to MTV. These 
features are characteristic of the original tumors. Likewise, cell lines 
established from MOPC 31C and MOPC 315 have retained the ultra- 
structure of the tumors from which thev were derived. 


Characteristics of Globulin 


The 5563 tumor produces an IgG type of myeloma globulin in 
vivo.’ Evaluation of cultured cells and medium by immunoelectr ophore- 
sis reveals the presence of protein in cells and medium which is com- 
parable to the myeloma globulin. When the patterns are developed with 
anti-murine serum, there is a single arc in the globulin region which is 
analogous to the arc formed ud the myeloma protein in the serum of 
tumor-bearing mice (Figure 5). The globulin in the culture fluid also 
exhibits the same electrophoretic migration as serum myeloma protein, 
with both starch gel and cellulose acetate electrophoresis. 

The globulin produced in vitro is closely related antigenically to the 
myeloma globulin in the serum. Micro-Ouchter lony double diffusion 
agar plates were used to compare myeloma globulin produced in vitro 
with that in serum from tumor-bearing mice. Fusion of the precipitation 
bands formed by two adjacent globulins produced a reaction of identity 
indicating the proteins shared antigenic determinants (Figure 6). Glob- 
ulin produced in eight cell lines derived from 5563 at various times 
has been compared utilizing the double diffusion method (Figure 7). 
These studies reveal a reaction of identity which indicates a close anti- 
genic relationship among globulins produced by cell culture lines iso- 
lated at different times, except for WU 43. This culture produces a 
globulin that is antigenically slightly different from the others. With 
time in culture, no changes have been observed. 

The 5563 myeloma globulin is similar to normal murine IgG and 
reacts strongly with antisera prepared against normal gamma globulin.” 
Ouchterlony double diffusion experiments with culture fluid and puri- 
fied mouse myeloma globulin in adjacent wells against anti-murine 
globulin indicate the immunologic similarity between normal mouse 
globulin and mouse myeloma globulin (Figure 6). The result is a reac- 
tion of partial identity which indicates that the myeloma globulin reacts 
with antibody to normal murine globulin although the latter has ad- 
ditional antigenic determinants beyond those present in myeloma glob- 
ulin. On this basis, normal mouse globulin has been used as a standard 
of reference in these experiments utilizing radial diffusion technics. 
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Quantitation of Globulin 


Globulin production has been studied during the 2 to 4 day period 
between feeding (Text-figure 2) in WU-29 cells, at intervals during 5 
years. In early adapted cultures, where there is an initial longer lag 
after feeding and before cell division begins to occur, more globulin 
is present at an earlier time. As the lag phase of growth disappears, a 
period also associated with increased viability (greater than 90%) and 
slightly increased growth rate, less globulin is synthesized during the 
first 24 hours. In different experiments, the rate of increase in globulin 
concentration per 10? cells varies somewhat, and this may be related 
to varying degrees of synchrony of the cell cycle within the culture re- 
lated to suspension of the cells in new medium. It has been demon- 
strated that globulin synthesis occurs during G: and early S of the cell 
cycle.??.3 

The quantity of globulin produced in cultures from 0 to 48 hours 
has been measured as a standard procedure for comparing different cell 
lines. Data collected on WU-29 cells for 5 years has been compared to 
more recent values of globulin production by cell lines isolated from 
other mouse plasmacytomas (Text-figure 3) WU-29 globulin produc- 
tion decreased approximately 50% rather abruptly, after 2% years of 
continuous culture. The lower rate of synthesis has been maintained 
since then. When the globulin produced in 48 hours by 10* cells is 
plotted as its reciprocal versus the ratio of final cell count to initial cell 
count (proliferation index) measured for each flask, it is evident that 
more rapid growth rate is associated with decreased globulin synthesis 
( Text-figure 4). 

Radioimmunoelectrophoresis was used to demonstrate the incorpora- 
tion of labeled amino acids into the myeloma globulin during the period 
of culture. The autoradiographs demonstrated a single dark line cor- 
responding to the stained arc of the abnormal precipitated protein in 
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Text-ric 3— Total globulin production over a 48-hour period by WU-29 cells 
evaluated at various times during years of continuous culture. For comparison, recent 
measurement of globulin production by 3 cell lines derived from other tumors are included. 
Freshly isolated x5563 tumor cells (open circles); WU-29 cell line (closed triangles); 
SLU-K1 derived from MOPC 31 C murine plasmacytoma (open squares) and SLU-J27 
derived from MOPC 315 murine plasmacytoma (closed circles). The quantity of globulin 
produced by cell lines of different origins and at different times in the same line, varies 
from two- to tenfold. 
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the immunoelectrophoretic pattern. The serum from tumor-bearing 
mice, which was incubated under the same conditions as a control for 
nonspecific attachment of radioactive label, produced a blank autoradio- 
graph. Similar results, demonstrating the in vitro synthesis of myeloma 
globulin, were obtained with both newly isolated cells and with cells 
which have been in vitro continuously. 

More recently, a radioimmunoassay (RIA) has been used to measure 
the rate of globulin synthesis directly ( Text-figure 5). The relative slope 
of leucine incorporation into globulin is similar in two experiments; the 
rate of synthesis increases markedly between 0 and 24 hours and then 
remains approximately the same through 48 hours. 


Relationship of Globulin Synthesis to Cell Growth 


The figures in parentheses in Text-figure 5 are the relative growth 
rates (proliferation indices) of each culture flask used for radioimmuno- 
assay. The rate of globulin synthesis was greater in the experiment in 
which the rate of cell growth was slower. This is analogous to data in 
Text-figure 4, where the quantity of globulin produced is shown to be 
inversely related to growth rate. 

Globulin production by SLU-5 has been studied by similar methods 
to determine rate and quantity of globulin synthesized. Experiments 
were carried out over a 6-month period, during which time it was 
learned, from subsequent evaluation of other data obtained simultane- 
ously, a major alteration was taking place in the cell population. This 
included a change in the generation time, which was reduced from 24 
to 10.5 hours within this period of 6 months.” During this time, the 
quantity of globulin synthesized showed a sudden downward trend, al- 
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though this cell line still produces more globulin than WU-29 ( Text- 
figure 3). 

The studies of SLU-5 cells produced results which were similar to 
those obtained from WU-29 cells except that the rate of globulin syn- 
thesis per cell appeared to increase linearly with time (Text-figure 6). 
With an increase in growth rate there is a decrease in globulin syn- 
thesis (Text-figures 4, 6). Small differences in rate changes with re- 
spect to time, may be related to partially synchronized populations. 

A limited number of determinations of globulin production by SLU- 
J27 and SLU-K1 are also included in Text-figure 3. SLU-J27 globulin 
exhibits anti-DNP activity which has been demonstrated by micro- 
Ouchterlony technics.” 


Globulin Breakdown in Cell Cultures 


With the development of cell cultures which produced less globulin, 
the possibility of globulin breakdown was considered. Two types of 
experiments were carried out. In one type, globulin synthesized during 
a 2-hour-period was labeled with radioactive leucine, unincorporated 
labeled leucine was removed and the cultures were continued for 48 
hours. Evaluation by RIA indicated the same number of CPM/ml in 
globulin at 48 hours as was present initially. Thus, this labeled globulin 
was not degraded during this period (Table 1). The decrease in labeled 
globulin per cell over this period is a reflection of cell proliferation. In 
the second series of experiments, purified mouse y-globulin (Pentex) 
was labeled with I and added to the cell culture medium with and 
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Table 1—Globulin Degradation in Cell Cultures 
A. SLU-5 cells incubated with *H-leucine. 





Radioimmunoassay 


pe E 


Hour Counts/min/ml Counts/min/10 cells 
0 1639 371 
48 1704 147 


SLU-5 Cells incubated 2 hours with 15 u,CP?H-leucine/ml at 37 C. (SA 40 Ci/mM, NEN). 
Cells washed once in equal volume cold medium and resuspended at 4 x 105 cells/ml in 
fresh growth medium. Two aliquots were taken from each flask at 0 and 48 hours for radio- 
immunoassay and cell count. Values represent average counts from the 2 flasks. 


B. Cell culture with normal mouse y-globulin labeled with ™) added. 


dide 








Hours | Counts/min/ml Cultures + 400 ugM ^, G/ml 


0 2761 2195 
48 2567 2059 


Normal mouse y-globulin (Pentex) labeled with | was added to the medium of cell 
cultures at 0 hour. Aliquots were immediately removed for assay in Nuclear-Chicago y 
Spectrometer. After 48 hours, aliquots again removed for assay. Measurements were made 
with and without the addition of 400 ug normal mouse IgG at 0 hour. Values represent 
average counts from 2 flasks. 


without additional unlabeled MyG. In neither group was there any loss 
of "5I labeled globulin from the medium. It has been previously dem- 
onstrated that WU-29 cells will phagocytize colloidal gold ( unpublished 
data), and entry into the cell was not considered to be a limitation in 
breakdown in this experiment. 


Discussion 


Immunoglobulin synthesis in vitro has been previously demonstrated 
utilizing normal lymphoid cells ?*7?? as well as myeloma cells from 
man *'*? man and mice, 27843.1445 Many of these have been short-term in- 
vestigations, lasting only a few hours or a few days, which were limited 
by the lack of cell survival. An increasing y number of long-term cell cul- 
tures have been reported as producing globulin, such as the cell lines 
derived from the Burkitt lymphoma or from normal or leukemic human 
leukocytes." In these instances, the cells are relatively undifferenti- 
ated and the amount of globulin produced is limited. A recent report 
describes human myeloma cells which have been adapted to long-term 
culture and continue to produce measurable amounts of IgE globulin.” 
Another distinctive type appears to be a long-term culture of immature 
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myeloma cells which is producing light chains of immunoglobulin.“ A 
number of mouse myeloma cell lines have been described which synthe- 
size globulin ?^?** and most recently several producing globulin with 
antibody activity.” 

The establishment of murine myeloma cells in vitro for prolonged 
periods of time under tissue culture conditions has provided a readily 
available system for a wide variety of correlative biologic, biochemical 
and ultrastructural experiments. In the 5 years during which WU-29 
cells have been observed, the cells in vitro have reduced by half their 
capacity for globulin synthesis and have acquired a more rapid growth 
rate. Horibata* described similar changes in growth rate with time. 
Generation time analysis of the WU-29 cell line is reported elsewhere.” 
By light microscopy, there is some variation in nuclear size and cell 
diameter among the cultured cells but the overall appearance is of a 
homogeneous population of cells which has not changed with time in 
vitro. The number of chromosomes per cell has been monitored at in- 
tervals and WU-29 has progressively lost acrocentric chromosomes and 
has accumulated a few metacentric markers,” 

The ultrastructure of the 5563 murine myeloma was first described 
in detail by Dalton * in 1961. The electron microscopic appearance, 10 
years and many passages later, is remarkably similar to this. Cells can 
be mechanically dissociated from the solid tumor to prepare cultures, 
and the ultrastructure is not disturbed. The cultured cells have been 
examined by electron microscopy periodically during the years of cul- 
ture. Definite alterations have not been observed, although certain 
quantitative changes of slight degree cannot be excluded. The nuclei 
continue to appear unchanged. The cytoplasm contains large numbers 
of free and membrane-associated ribosomes. Viral particles persist in 
the same locations as seen in the solid tumor except for the decrease in 
quantity of the MTV cytoplasmic particles in WU-29. MTV particles 
have not been found in any tumors from Balb/c mice in our laboratory. 
The presence of abundant rough endoplasmic reticulum has been as- 
sociated with the synthesis of secretory protein. The continued pres- 
ence of this cytoplasmic feature by these cells can be correlated with 
the persistence of their ability to synthesize and secrete globulin. 

The cultured cells continue to synthesize the same type of myeloma 
globulin as is present within the serum of tumor-bearing mice. The 
immunoelectrophoretic pattern reveals a single arc in the same location 
as is observed from myeloma globulin in the serum. The migration of 
globulin produced by cultured cells is also comparable to serum globu- 
lin, by cellulose acetate and starch gel electrophoresis. The incorpora- 
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tion of isotopically labeled amino acids into globulin as revealed by 
autoradiography confirms the synthesis of the globulin by the cells dur- 
ing the period of culture. This is substantiated in a more sensitive and 
quantitative manner by the radioimmunoassay data. 

Comparison of globulin production by freshly isolated cells and voung 
adapted cells on a per cell basis demonstrates that both kinds of cells 
synthesize about the same amount of globulin per hour. However, 
freshly isolated cells divide one or two times and then gradually die 
during the 96 hours of the experiment. The sustained viability of 
adapted cells provides more reliable measurements on a per cell basis, 
and the globulin quantitated can be related to viable cells rather than 
to a mixture of living, injured and dead cells, as present in freshly iso- 
lated cell preparations. 

The original level of globulin production per adapted cell has not 
been maintained by the continuous cell line WU-29. The decrease has 
coincided with an increase in growth rate and an increase in percentage 
of viable cells. Alterations can not be related to changes in laboratory 
conditions. Since it has been necessarv to select lots of fetal calf serum 
on the basis of cell growth and viability, it is possible that faster growing 
variants have dominated the population in this way. However, serum 
has not been selected only for growth-promoting properties. The experi- 
ments described here have been carried out with the parent cell line, 
and not with clones isolated from it. Instead, efforts have been made to 
minimize selection and to maintain a stable population, by pooling 
cells during feeding operations, thus minimizing the possibility of 
selecting a part of the population for subculture. 

Variants have been described by others in both the cultivation of 
mouse myeloma cells in vitro 5555? and in tumor transplantation in 
mice." 9! Clones isolated from WU-29?* have not exhibited marked 
changes from the parent culture in terms of globulin synthesis or ultra- 
structure. Variants such as nonproducers of globulin or cultured cells 
without viral particles have not been observed. SLU-5, which has under- 
gone a fairly sudden change in growth rate with the coincident appear- 
ance of a lar ge metacentric chromosome, appears to have been over- 
grown by a variant cell type and its capacity for globulin synthesis has 
decreased quantitatively. 

Variation from one experiment to another with respect to rate of glob- 
ulin production can reflect partial synchronv of the cell population. It 
has been established for lymphoid cell lines "62 as well as a mouse 
myeloma cell line * that globulin synthesis occurs during the G, and 
early S period of the cell cycle. Fluores icent antibody studies carried 
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out on WU-29 cell lines and 5563 tumor '* have provided evidence 
in support of these data. Experiments reported here have been carried 
out on cell populations subcultured in a uniform manner in order to 
decrease differences which may be produced by partial synchrony. In 
comparing one cell line with another, the standar d comparison is based 
on globulin production over a 48-hour-period, in order to minimize this 
variation. Both rate and quantity of globulin synthesis have been shown 
to be inversely related to cell growth rate. Experiments are in progress 
to determine if this is related to alterations in the length of G, and S of 
the cell cycle as would be expected. 

Kimmel has studied immunoglobulin synthesis in a cell line de- 
rived from the same mouse myeloma as SLU-5—ie, MOPC 21, but 
which has been grown under different culture conditions. His studies 
extended over a culture period of 7 days and indicated that globulin 
synthesis reached a maximum during the stationary phase of growth, 
which occurred at 4 days with a cell density of 8 X 10° cells/ml. If the 
cultures were diluted with new medium, proliferation increased and the 
higher rate of globulin synthesis persisted. SLU-5 cells have a faster 
doubling rate, and viable cell density reaches 1  10°/ml or greater in 
48 hours. At this time, viability begins to drop, but the cells continue 
to proliferate to a concentration of 2 to 3 X 10° viable cells at 72 hours. 
The rate of globulin synthesis increases at a constant rate from 0 to 48 
hours, and globulin accumulates in a linear fashion after 12 hours ( Text- 
figure 6). Thus two cell lines, derived from the same tumor in different 
laboratories, vary in regard to doubling time and the cell density at 
which proliferation is limited. These differences may be largely related 
to differences in the growth medium. 

The quantity of globulin produced by these cells compares favorably 
with other studies of rates of globulin synthesis by murine myeloma 
cells. WU-29 adapted cells have at times synthesized as much as 12.2 
mg/g/48 hr, and never less than 6 mg/g/48 hr. Cell lines isolated from 
plasmacytomas of Balb/c mice have a greater globulin synthetic ca- 
pacity, ranging from 20 to 40 mg/g/48 hr for the three lines described 
here. The calculations above were based on a value of 1.28 X 10* cells/g 
wet weight, measured with WU-29 cells. Freshly isolated 55563 cells 
synthesize 6.0 mg/g tumor tissue/48 hr, compared to a value of 1.5 to 
2.0 mg obtained with tumor slices in 24 hours.** In another study, up 
to 14 mg of myeloma globulin was produced per gram wet weight of 
tumor per day.’* In these instances, the estimates were based upon 
short-term in vitro studies or gross estimates of in vivo synthesis utilizing 
an evaluation of turnover in labeled protein. 
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If one compares the globulin produced by these cultured cells with 
studies of globulin synthesis in nonmurine cells, the difference in rate 
of synthesis is observed to be still greater. These reports have varied 
from 24 yg globulin/day/g of unstimulated monkey splenic cells ?* to 
384 ng globulin/day/g of hyperstimulated rabbit lymphoid cells. 
These evaluations were all based upon observations over a few hours. 
Quantitation of globulin production by established cell lines of human 
origin shows wide variation; 40 ug lambda chain/24 hr/10* human 
lymphoid cells,” 1500 ug lambda chain/day/10* cells from peripheral 
blood of a patient with myelomatosis,*' and 2 to 7 ugIgE/10* cells/48 hr 
from cells from a myeloma patient.? It is apparent that the murine 
myeloma cells in vitro are producing many fold the amount of globulin 
produced by other cultured cells. 

Degradation of myeloma globulins by myeloma cells has been studied 
in two other systems, with opposite conclusions. Schubert and Cohn 5*? 
demonstrated breakdown of heavy and light chains, while Laskov and 
Scharff were not able to demonstrate any degradation.” On the basis 
of pulse-chase studies described here, intra- or extracellular degradation 
of intrinsically produced myeloma globulin does not appear to take 
place in SLU-5 cells. Similarly, the addition of '*^I labeled mouse y-glob- 
ulin to the medium and recovery of it 48 hours later indicates that even 
this exogenous normal globulin is not degraded. Increasing the concen- 
tration of exogenous globulin several fold did not alter these results. 
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plasmic reticulum (A). In addition, there are intracytoplasmic viruses (B) which have been 


Fig 1—Electron micrograph of X5563 tumor. Viruses bud from and occur within the endo- 
indicated to be a form of mouse mammary tumor virus (approximately x 40,000). 
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Fig 2—Electron micrograph of a freshly dissociated X5563 tumor cell. The dissociation 
does not disturb the characteristic ultrastructure (approximately x 12,000). 





Fig 3—Electron micrograph of a cell from WU-29, which is an established cell line from 


X5563 tumor. After many passages in vitro, the cultured cells retain the ultrastructure 


typical of the original tumor (approximately x 15,000). 
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Fig 4—Electron micrograph of a cell from SLU-5, which is an established cell line from 
MOPC 21 tumor. Cells in this culture contain many intracytoplasmic membranous bodies 


(myelin figures) which are not observed in cultures derived from X5563 tumors (approxi- 
mately x 11,000). 
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Fig 5—Immunoelectrophoresis, for comparison of globulins from different 
sources. A—Antigens in wells from top to bottom: (7) WU-29 medium, concen- 
trated ten fold; (2) serum from mouse with X5563 tumor; (3) normal mouse 
serum and (4) same as 2. Antibody in both troughs was antimurine serum. 
Globulin present in cell culture medium is identical to the myeloma globulin in 
the tumor serum. B—Comparison of WU-29 medium (7) and a mixture of 
WU-29 and SLU-5 medium (2) against anti-mouse y globulin. Globulin produced 
by SLU-5 is distinctive from that of WU-29 cells. 








Fig 6—Micro-Ouchterlony plate. Reading 
clockwise from top (7), wells contained the 
following: (7) WU-29 concentrated medium; 
(2) Purified X5563 globulin; (3) Normal mouse 
globulin; (4) Tumor serum (X5563); (5) Same 
as 2; (6) Normal serum (C;H mouse); (7) 
Same as 7 and (8) Same as 3. Center well 
contained goat anti-mouse globulin. 


Fig 7—Micro-Ouchterlony plate. Concentrated 
medium from 8 cell lines derived from X5563 
tumors at different times. Reading clockwise 
from top (7), wells contained the following: 
(1) WU-29; (2) WU-33; (3) WU-38; (4) WU-40; 
(5) WU-42; (6) WU-43; (7) WU-61 and (8) 
WU-83. Center well contained anti-X5563 
globulin (DEAE-purified). All appear identical 
except WU-43 which shows slight spur for- 
mation. 


The Number and Dimensions of Small Airways 
in Emphysematous Lungs 


Kenichi Matsuba and William M. Thurlbeck 


The number of conducting airways less than 2 mm in internal diameter was only 
slightly reduced in the lungs of 12 patients with pulmonary emphysema and 
diminished flow rates. There was a change in the distribution of the smallest 
remaining airways, with a deficit of airways 0.4 to 0.6 mm in diameter and an 
excess of airways smaller than this. The change in airway caliber and number 
was small in emphysematous lungs and increased airway resistance in emphy- 
sematous lungs is more likely related to loss of elastic recoil, central flow limita- 
tion and associated chronic bronchitis (Am J Pathol 67:265-276, 1972). 


ALTHOUGH it is generally thought that pulmonary emphy- 
sema is associated with airways obstruction, the site and mechanism of 
obstruction are far from clear. Pathologic studies are conflicting, and 
the available information is shown in Table 1.7 The majority of these 
reports are purely descriptive and nonquantitative. On the other hand, 
the site of flow resistance has been demonstrated physiologically by 
Hogg et al* who partitioned airway resistance in excised postmortem 
lungs into a central (Rc) and a peripheral component ( Rp) (in airways 
less than 2 mm in internal diameter). They showed that an increase in 
Rp was the common denominator in bronchitis, emphysema and bron- 
chiectasis and that central resistance was inconstantly raised. We have, 
therefore, counted and measured airways less than 2 mm in internal 
diameter in the lungs of patients with emphysema to identify the na- 
ture of the lesions which might produce obstruction in these small air- 
Ways. 


Materials and Methods 


Twenty-one emphysematous lungs from 12 patients, 11 of whom were male, 
were studied. The age range of the 12 patients was 51 to 74 years. All had had 
antemortem tests of pulmonary function and all had symptomatic obstructive 
lung disease which, in 10, was the cause, or the underlying cause, of death. 

The number and dimensions of airways were determined as previously de- 
scribed for normal lungs? In brief, the lungs were inflated at a transpulmonary 
pressure of 25 cm of 10% formalin for 18 to 24 hours. The volume of the distended 
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of Pathology 
Table 1—Obstruction or Narrowing of the Airway 
Author(s) Site Nature 
Spain, Kaufman! Terminal bronchiole Mural inflammation and 
fibrosis of bronchioles 
Leopold, Gough? Between a terminal Inflammatory fibrosis with nar- 
bronchiole and an rowing of 60% of bronchioles 
emphysematous space supplying centrilobular 
emphysematous spaces 
McLean? Proximal order of inflammation of airways and 
respiratory bronchiole and mucous plugging 
Wright! First, second and third Bronchial atrophy 
bronchi, distal to the 
segmental bronchi 
Anderson, Foraker’ Non-respiratory bronchiole Collapse of bronchioles 
(reduced bronchoalveolar 
attachment) 
Pratt et al Bronchioles Loss or distortion of the radial 
support of bronchioles 
Bignon et al' Bronchioles Inflammatory bronchiolar 
narrowing 


lung (total lung volume or TLV) was then measured by water displacement. The 
lungs were cut into sagittal slices 1.0 to 1.5 cm thick. The proportion of the lung 
occupied by emphysema and nonparenchyma was calculated from a stratified ran- 
dom point count over the slices of lung, after impregnation with barium sulfate, 
floated under water. The mid-sagittal slices were submitted for the paper-mounted 
whole lung sections, and the amount of emphysema was estimated on these, both 
by using a standard set of grading pictures!? and the Ryder grid.!! The former 
measurements were made by two observers who were unaware of the measure- 
ments of the small airways (Dr. George Massarella, Royal Post-Graduate School, 
London and Dr. M. W. Thurlbeck), and the mean score of the two observers was 
used. The latter measurements were made by Dr. Thurlbeck only. 

Either five or six stratified random blocks were taken from the lateral slice of 
each lung for counting and for measuring small airways as well as alveolar surface 
area. Correction was made for shrinkage during processing, and all results are 
corrected to formalin-fixed tissue. Conducting (ie, nonalveolated) airways, less 
than 2 mm in internal diameter, were counted, their diameters measured as de- 
scribed previously,? and the diameters used are those of all airways, rather than 
ideal airways. This was done because of the bias, in the latter method, toward 
smaller mean diameters? In addition, the proportion of points falling on airway 
lumen (Qssr) (the lumen of airways less than 2 mm, irrespective of whether the 
lumen contained air, mucus or exudate), compared to the total number of points 
falling over lung tisue or it contents, was calculated. 

A method of correction was devised for possible overinflation of emphysematous 
lungs, making the usual assumption that all structures expand equally in all direc- 
tions. We had anticipated that emphysematous lungs would be overinflated, and, 
therefore, the number of small airways per unit area or volume would appear de- 
creased. From previously described data,® it is possible to predict the ratio of TLV 
to the cube of body length at a given age. Thus, if body length is known, it is 
possible to predict TLV at age 20 (TLVp). Volumetric change corrections would 
be directly related to the ratio of observed TLV (TLV.) to TLV,. Two dimen- 
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sional changes, such as the number of airways per unit area, would be corrected 
to the two third power of the ratio, and one dimensional change, such as diameter, 
to the one third power of the ratio. Where structures would be expected to in- 
crease due to overinflation (for example, diameters), the correction would thus be 
d. = d x (TLV,/TLV,)!2, where d. is corrected diameter and d is observed 
diameter. Where results might be artificially decreased by overinflation, such as 
number of airways per unit area, the correction would be n. = n x (TLV./ 
TLV,)?, where n. is the corrected number of airways per unit area and n is the 
observed number of airways per unit area. 

Correction for the proportion of small airways lumen (Qsar) is difficult. Clearly, 
if the lung is overinflated, then the amount of air is increased in small, large and 
alveolated airways as well as alveoli. Thus the proportion of air (lumen) to tissue 
in the lung increases with overinflation. However, the ratio of small airways lumen 
to lumen of other structures will remain approximately constant, since the basic 
assumption, in all corrections, is that structures expand equally. Using these as- 
sumptions, it can be shown that (see Appendix): 


(TLV, — V) 
(TLV, — Vj 


V 
x TIVA 


Qsa Te di Qs X (TLV,) 


Where Qsar. is the proportion of small airways lumen corrected to TLV», Qsar is 
the proportion of small airways lumen as measured and V, is the volume of tissue. 
When V, is zero, or when TLV, and TLV, are the same, then Q.. is equal to Qu. 
The degree to which the ratio of Qsare: Qsar varies from unity depends on the ratio 
of TLV,:TLV, and V,. The variation is small. For example, when TLV, is 1.5 
times TLV, and V, 10% of TLV,, Qsare = 0.9642 Qsar. This represents the maxi- 
mum change likely, since more than 50% overinflation is rarely found and V, de- 
rived from the usually quoted density of the lung at total lung capacity (TLC)!? 
and the density of air-free lung tissue !? is 9.93% of TLV,. Thus, while we have 
corrected Qsar for overinflation, it is unlikely to be of major significance. 

The assumption that air-containing structures expand equally must be examined 
critically. Although it used to be thought that alveolar volume did not expand with 
lung volume ' this is no longer thought to be true 1517 and alveolar volume in- 
creases directly with lung volume.19.!7 The precise change in the dimensions of alve- 
lar ducts with inflation is controversial,!9.17 but the most recent view is that the 
alveolar duct-volume fraction of the lung is constant throughout inflation." By con- 
trast, the dimensions of major bronchi !8 change little above functional residual ca- 
pacity. All the above results were obtained in healthy animals. Since alveoli and al- 
veolar ducts form, by far, the greatest proportion of the lung, and since they change 
in parallel with lung volume, it is likely that our method of correcting (n) for over- 
inflation is appropriate. The elastic tissue of the small airways is in direct con- 
tinuity with the elastic framework of the alveoli, and alveolar ducts; thus they are 
more likely to behave as do the alveoli and alveolar ducts than as major bronchi. 
If this is true, then our corrections of diameter (d.) and of Qs, are adequate. If the 
small airways behave like bronchi, diameter as measured (d) is the best measure- 
ment. Also, if small airways expand like major bronchi, then Vsa is equal to Vou. 
in equation 2, and, thus, Quas = Quo x (TLV./TLV,). The effect of this latter 


assumption on our results is discussed below. 


Results 


The complete data are shown in Table 2. 
We have not illustrated the effect of sampling but, as in the normal 
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lung? there was no significant difference between lungs or within lobes 
and five blocks of tissue provided reasonably precise data. Moderate 
to severe emphysema was present in all lungs. 

Table 3 summarizes the findings in the 12 patients and contrasts these 
to the results in nonemphysematous lungs from 20 subjects.? The num- 
ber of small airways per unit area (n) and the number of small airways 
per unit area corrected to total lung volume at age 20 (n,) are signifi- 
cantly diminished in emphysema (t — 2.3853, P « 0.05 and t — 2.9056, 
P « 0.01, respectively). However, this difference is largely due to the 
fact that patients with emphysema were taller than our subjects with- 
out emphysema. Text-figure 1 shows that the majority of patients were 
more than 160 cm tall (average body length 173.9 cm) and that there 
is a negative correlation between (n) and body length (r = —0.5851, 
P < 0.05) as we have previously found in nonemphysematous lungs? 
Text-figure 2 compares (n.) observed in the emphysematous lungs to 
that predicted from body length in normal subjects.’ It is apparent that 
most have a lower value for observed (n,) than predicted, but the 
difference does not reach conventional levels of significance (0.1 > P > 
.05). 

Table 3 indicates that the mean diameter of airways less than 2 mm 
in diameter is similar in controls and in emphysema, whether corrected 
or not. Text-figure 3 compares the distribution of diameters of the small 
airways. This shows that in emphysema there is an excess of airways 
less than 0.2 mm in diameter, a small excess in airways 0.2-0.4 mm in 
diameter and a deficit in airways between 0.4 and 0.6 mm. The distri- 
bution of the remaining airways is essentially similar in emphysematous 
and nonemphysematous lungs. 

The proportion of small airways lumen (Qgar) is diminished in 
emphysema (t — 3.9052, P « 0.001). There were no significant cor- 
relations between any of the measurements of small airways and either 
measurements of flow rates or amounts of emphysema. 


Discussion 


Our results show that there are alterations in the number and di- 
mensions of small airways in emphysema but that these changes are 


Table 3—Comparison of Nonemphysematous and Emphysematous Lungs 
Lung n ne Qsar d d. 


Nonemphysema 0.840 0.931 0.0142 0.756 0.723 
Emphysema 0.638 0.613 0.0087 0.738 0.744 
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Text-Fic l1—The rela- 
tionship between the num- 
ber of small airways/sq cm 
and body length (r — 
—0.5851, P < 0.05). 
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relatively slight. There is also a paradox in our data. At first sight, it 
appears that there is a marked change in the number of airways per 
unit area and no change in diameter, The striking diminution in num- 
ber of small airways per unit area (n) is due primarily to the fact that 
our patients with emphysema were taller than the nonemphysematous 
subjects used in a previous study.’ Since body length and (n) are nega- 
tively correlated, this would diminish (n) in emphysema, as opposed 
to the nonemphysematous subjects. The latter were shorter than the 
patients with emphysema since the controls were selected primarily 
because they did not have emphysema. Becaust emphysema is much less 
common in women, we have more female controls, hence the smaller 


TEXY-FIG 2—In 7 cases, the ob- 
served n. is less than that predicted 
from body length in normal subjects. 
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Text-Fic 3—In emphysematous lungs, there are more airways less than 0.5 mm in 
diameter. When the diameter of airways is examined at 0.2 mm intervals, it becomes 
apparent that there is an excess of airways of less than 0.4 mm in diameter and a deficit 
of airways between 0.4 and 0.6 mm diameter in emphysema. 


average body height of the group without emphysema. When allow- 
ance is made for height, the change in our emphysematous subjects 
is small and does not reach conventional levels of significance. For 
reasons discussed below, a real loss of airways is likely. 

Another feature of the paradox is that no change in average diameter 
was noted, yet there was a small shift in distribution of airway di- 
ameter with an excess number of very small airways in emphysema. 
A simple example will show how this apparent contradiction may arise. 
Let us imagine that a normal subject had nine airways per unit area 
and that these airways were 1, 2, 3, 4, 5, 6, 7, 8 and 9 mm in diameter, 
respectively. The average airway diameter would be 5 mm. If the two 
smallest airways (1 and 2 mm in diameter) were destroyed, then the 
average diameter would be increased to 6 mm. There could be con- 
siderable narrowing of the remaining airways, yet the average diameter 
would be unchanged if the smallest airways were lost. That this is not 
speculation is shown by the alteration of proportion of small airways 
lumen (Qgar). This represents the sum effect of airway number per 
unit area and airway volume, and it is an accurate and reproducible 
measurement. Since there is no reason to suspect that there is loss of 
airway length, diminution of Qi indicates diminution of airway di- 
ameter and/or airway number. The reduction in Qsar is significantly 
larger than that of (n.) and thus airway lumen must also be compro- 
mised. It follows that the airways which are lost must be the smallest 
ones, otherwise average diameter would have diminished. Reference 
to Text-figure 3 shows that the narrowing of airways also involves only 
the smallest ones ( «0.6 mm in diameter) and thus the overall effect 
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on average diameter will be small. However the change in Qsar is not 
likely to have a major effect on airway resistance. Since normally air- 
ways less than 2 mm only contribute some 10% of resistance to air flow 
in the lung,* the smallest airways, which are affected, contribute even 
less. Thus, the changes we recorded would make little difference to 
total resistance, even allowing for the fact that increase in resistance 
increases to the fourth power of the reduction in radius. Even in our 
patients with the most severe airway abnormalities, the change in total 
airway resistance would have been only doubled. 

It follows that the changes we observed and which we would like 
to refer to as fixed airways disease, are insufficient to account for the 
high levels of airway resistance found in some patients with emphysema. 
There are several other mechanisms of increased resistance to flow 
which have been described. Since our measurements were made under 
isopressure conditions, there was no loss of force acting on the airways. 
We would anticipate that under isovolume conditions, diminished 
elastic recoil of emphysematous lungs would result in narrowed airways. 
Another mechanism is flow limitation of central airways which occurs 
in about half of patients with emphysema.'? However, the most im- 
portant cause of increased resistance is likely to be due to associated 
chronic bronchitis. There is evidence that patients with the “bronchial 
type" of airways obstruction have higher levels of airways resistance, 
particularly on inspiration, than patients with emphysema and mild 
or no bronchitis.” It seems likely that this is due to mucous plugging 
in the small airways although it may, in part, be due to encroachment 
on the lumen by enlarged bronchial glands. Our methodology (intra- 
bronchial distension) was not appropriate to assess intrabronchiolar 
mucus and we are presently investigating the extent of mucous plugging 
in bronchitis, using fixation via the pulmonary artery. We would empha- 
size that our definition of bronchial lumen included mucus—ie, hits on 
the lumen were counted as hits, irrespective of the content. 

We have considered, and dismissed, two possible reasons for the small 
difference between controls and emphysema. First, it is possible that 
some patients with emphysema have a diminished number and caliber 
of airways while others do not. One might anticipate that the latter 
patients would be relatively asymptomatic. Thus, if one studied random 
necropsies, it is possible that such a series might include patients with 
limited symptoms and normal airways. Our series is not random and all 
patients were symptomatic with demonstrable airways obstruction, as 
determined by FEV or MMFR. Second, our method of measuring only 
airways less than 2 mm in diameter, while it is the only practical 
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method, has inherent disadvantages, as discussed elsewhere.” In particu- 
lar, if airways that were normally greater than 2 mm in diameter were 
reduced to less than 2 mm in diameter in emphysema, then these air- 
ways would be included in our count and would tend to obscure a 
difference between emphysema and normals. This is unlikely to have 
a major effect. We have shown” that about 5% of the airways less than 
2 mm in diameter are in the size range, 1.5-2.0 mm, and it is likely 
that perhaps half of this number (ie, 2.5%) are in the range of 2.0-2.5 
mm. Thus, even if all this class of airways were rearranged and then 
included in our counts, it would make no material difference. 

Our methodology contains another potential error. If airways were 
dilated in emphysema, some airways normally less than 2 mm in di- 
ameter would be increased over our arbitrary limit and the number of 
airways less than 2 mm in diameter per unit area would be decreased. 
However, for the reasons listed previously, this effect is likely to be 
small, affecting less than 52 of the airways, and cannot account for the 
marked reduction in proportion of airways lumen. It should also be noted 
that if large airways were excluded then the average diameter would 
be reduced, which was not the case. 

A point of minor technical interest is the fact that 5 of the 10 patients 
with emphysema had smaller measured lung volumes than those pre- 
dicted from body length. Bignon et al have had similar experience.‘ 
The likely reasons include the fact that terminal pulmonary infection 
is common in emphysematous lungs and this tends to make them stiff. 
The lack of anticipated lung overinflation made our attempts at cor- 
rection largely unnecessary. Using the assumption of uniform inflation 
of all components of the lung, the mean values for observed and cor- 
rected (d), (Q) and (n) were essentially identical. If the alternative 
assumption is made that airway dimensions are not affected by overin- 
flation, only Qsar is changed significantly, and the mean value in the 
emphysematous subjects becomes 0.00797 as opposed to 0.00866 un- 
corrected and 0.00845 when corrected to assumed uniform pulmonary 
overexpansion. In the section on methods, we have pointed out why 
we do not favor the assumption of fixed airway dimension. Even using 
this assumption, which maximizes the change in emphysema, changes 
in dimensions of airways are insufficient to account for observed altera- 
tions in airway resistance, strengthening the conclusions drawn earlier. 


Appendix 

Where TLV = total lung volume (volume of air plus tissue in lung) 

V = volume, Q = proportion, t = tissue, a = air, o = observed, p = predicted 
and sa — small airways. 
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By definittion: 


TLV, = V, + Mss Vap = TLV, — V,, TLV, = V, + Vaos Yao = TLV, — V. 
thus: 








E eiaei ERE mE 1 
Vio TLV, — V, (1) 
since by definition: 
on 
Q us ias r : 
TLV, 
therefore: 
Vaan = us X TLV, 
similarly: 
TLV, 
therefore: 
Viao = Quo X TLV, 
thus: 


V sap — Qi» X FLV; (2) 
Vao Qao X TLV, 
The assumption is made that volume changes are equally distributed throughout 
the lung. Thus: 





Vs Vu. (3) 


Substituting (1) and (2) in (3) yields: 


TLV, — Ve _ Qu, X TLV, 
TLV, X V, Q. ao X TLV, 








and: 








J m" TLY,- V, b Lv.) 
Quan m Quao X (ae AS x TLV, 
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High-Resolution Autoradiography of Malarial Parasites 
Treated with *“H-Chloroquine 


Masamichi Aikawa, MD 


Electron microscope autoradiography was performed on the erythrocytic stages 
of the rodent malarial parasite, Plasmodium berghei, after exposure to ?H-chloro- 
quine. ?H-Chloroquine becomes selectively localized within the parasite food 
vacuoles 1 hour after it is administered, and remains in this structure for up to 24 
hours. This study indicated that the food vacuoles were the primary site of chloro- 
quine concentration within the parasite (Am J Pathol 67:277-284, 1972). 


THE SYNTHETIC ANTIMALARIAL DRUG, chloroquine [7-chloro- 
4-(4'-diethylamino-l'-methylbutylamino) quinoline], is effective against 
the erythrocytic stages of most strains of malaria. It has been suggested 
that chloroquine becomes highly concentrated in the erythrocytes in- 
fected by malarial parasites and enters into the parasite as it ingests 
red cell cytoplasm.” This suggestion was supported by electron micro- 
scopic studies which showed that the first morphologic changes occur 
in the parasite food vacuoles containing host cell cytoplasm after the 
administration of chloroquine.*” However, evidence to support this 
hypothesis has been lacking. 

The present communication describes the results of electron micro- 
scope autoradiography on the ervthrocytic stages of the rodent malarial 
parasite, Plasmodium berghei, after exposure to *H-chloroquine and 
confirms the primary site of chloroquine concentration as the food vacu- 
oles within the parasite. 


Materials and Methods 


Twenty mice of the ICR strain, each weighing an average of 25 g, were inocu- 
lated intraperitoneally with the erythrocytic stages of P berghei (NYU-2 strain). 
When the parasitemia reached about 50%, a single dose of chloroquine-3-3H (5.6 
x 10% moles/liter) was injected intraperitoneally into each infected mouse.” The 
specific activity of chloroquine-3-?H used was 75.7 mCi/m mole (0.2366 mCi/mg) 
and its radiochemical purity was 95.4%, as determined by a radiometric thin-layer 
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chromatographic technic using methanol on silica. Each mouse received 250 Ci of 
chloroquine-3-?H. One set of controls received the same dose of chloroquine 
without radioactivity; another set was not treated. At varying time intervals of 
up to 24 hours, the mice were sacrificed and blood samples were obtained from 
the heart. These samples were fixed in 2% gluteraldehyde, 496 sucrose in 0.05 
M PO,. The fixed materials were then processed for electron microscopy. 

For autoradiography, sections of 400 to 600 À thickness were placed on Formvar 
and carbon-coated copper grids and were stained with uranyl acetate and lead 
citrate. Thereafter, the grids were covered with a monolayer of emulsion (Ilford 
L4) by the wire loop method.* The emulsion-covered grids were kept in the dark 
at 4°C for 6 to 10 weeks, After the emulsion was exposed to radioactive chloro- 
quine, the grids were developed in Microdol X (Kodak) for 2 minutes and fixed 
in Kodak rapid fixer for 2 minutes. The grids were washed in IN NaOH for 5 min- 
utes and examined with a Siemens Elmiskop 101 electron microscope. 


Results 


The most noticeable morphologic changes after the erythrocytic 
stages of P berghei were exposed to chloroquine occurred in the food 
vacuoles. During the first hour after the administration of chloroquine, 
the food vacuole, which contains erythrocyte cytoplasm and is limited 
by a unit membrane, becomes slightly larger than those in untreated 
parasites. It measures 500 my in diameter, whereas a food vacuole of 
the untreated parasite measures 400 my in diameter. However, at this 
stage, the matrix of the food vacuole is similar to that of the untreated 
parasite and contains crystalloid malarial pigment particles ( Figures 
land 2). 

During 3 to 5 hours after the drug was administered, the affected 
food vacuoles become much larger and measure up to 0.8 to 1 p in 
diameter (Figure 3). Unlike the food vacuole of the untreated and the 
l-hour treated parasites, which contain only host cell cytoplasm and 
malarial pigment particles, the food vacuoles show various inclusions 
at this stage ( Figure 3). The enlarged food vacuoles contain electron- 
dense granules and vesicles, of various sizes, in the matrix, and the 
food vacuoles without host cell cytoplasm possess more granules than 
those with host cell cytoplasm. The electron-dense granules measure 
— 60 my in length and the vesicles measure — 300 mj. in diameter, 
and the matrix is often electron-translucent. However, no malarial pig- 
ment particles are observed in these food vacuoles. The food vacuoles 
with various inclusions can be observed as long as 24 hours after 
chloroquine administration (Figure 4). In addition to changes in the 
food vacuoles, the parasite cytoplasm demonstrates dilated endoplasmic 
reticulum and vacuoles 5 to 24 hours after administration of the drug. 

Electron microscope autoradiography on the parasites exposed to 
*H-chloroquine revealed silver grains in the overlying emulsion as 
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twisted, electron-dense filaments, the location of which indicates the 
presence of radioactive chloroquine. One hour after exposure to ?H- 
chloroquine, exposed silver y are noted directly over and in close 
proximity to some food vacuoles (Figure 5). The incidence with which 
silver grains are associated with food vacuoles increases as the exposure 
time to the drug increases. Twenty-four hours after the administration 
of radioactive chloroquine, about 504 of the food vacuoles are overlain 
with silver grains. All of the food vacuoles associated with silver grains 
show the changes described earlier ( Figures 6-8). 

In addition to the silver grains overlying the food vacuoles, a few 
clusters of silver grains are also observed over the cytoplasm of the 
parasitized erythrocytes. 


Discussion 


The erythrocytic stages of malarial parasites form food vacuoles by 
ingesting the erythrocyte cytoplasm through a cytosome.* Digestion 
of the erythrocyte cytoplasm occurs within the food vacuoles leaving 
an undigested residue known as malarial pigment? It has been sug- 
gested that chloroquine acts on this digestion system of the parasite.*? 

In 1966, Macomber and his colleagues! reported that chloroquine 
becomes highly concentrated in erythrocytes infected by the malarial 
parasite, P berghei, and suggested that the selective concentration of 
chloroquine in the parasitized erythrocyte is a necessary condition for 
its antimalarial activity. A similar observation on P falcipar um was also 
made by Fitch.? Although it is still not clear whether the binding of 
chloroquine to hemoglobin is of direct t significance in the action of 
chloroquine, various investigators *5*!* have suggested that such bind- 
ing would facilitate entry into the parasite with ingestion of the host 
erythrocyte cytoplasm during the formation of the food vacuoles. This 
route of entry was supported by the electron microscope observation 
that the first morphological changes occur in the food vacuoles after 
the administration of chloroquine.*? The absence of typical malarial 
pigments in the food vacuoles of chloroquine-treated parasites was sug- 
gested as additional evidence for the impairment of the digestion proc- 
ess in the presence of chloroquine. On the other hand, merozoites do 
not show any noticeable changes after chloroquine treatment. This was 
thought due to the fact that this stage does not actively ingest host cell 
cytoplasm and, therefore, chloroquine does not gain entrance into the 
merozoite.* All of these observations are compatible with the hypothesis 
that chloroquine impairs digestion of hemoglobin by the parasites, lead- 
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ing to starvation of the parasites. However, direct proof of this hypothe- 
sis has yet to be obtained. 

The resolution of electron microscope autoradiography on thin sec- 
tions by the present technic is of the order of 0.14.7 Since the size of 
the parasite food vacuole is in the range of 0.4 to Ip, location of *H- 
chloroquine can be determined relative to this organelle. The much 
greater concentration of silver grains overlving ihe food vacuoles as 
compared with cytoplasm after exposure to ?H-chloroquine demon- 
strates the selective concentration of radioactive chloroquine within the 
food vacuoles at early times. This accumulation of chloroquine occurs 
as earlv as one hour after drug administration. 

Though the cytoplasm of the parasites shows morphologic alterations 
at the later stages of chloroquine treatment, few silver grains are ob- 
served within the cytoplasm at anv time up to 24 hours. This observation 
may suggest that the morphologic changes in the cytoplasm are sec- 
ondary to the altered digestive process in the food vacuoles. 
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[Illustrations follow] 


Fig 1—The erythrocytic trophozoite 
of P berghei before exposure to 
chloroquine. A food vacuole (F) con- 
tains several electron-dense crystal- 
loid malarial pigment particles (P) 
and is surrounded by a unit mem- 
brane (arrow). The matrix is elec- 
tron opaque (x 43,000). 


Fig 2—A food vacuole (F) of P ber- 
ghei 1 hour after administration of 
nonradioactive chloroquine. The 
food vacuole is slightly enlarged and 
its matrix is less electron opaque 
than that of the untreated parasite, 
but still contains a malarial pigment 
particle (P) (x 25,000). 





Fig 3—A food vacuole (F) of P berghei 5 hours after exposure to nonradioactive 
chloroquine. The food vacuole is enlarged and contains several vesicles (V) and elec- 
tron-dense particles (arrow). No typical malarial pigment particles are observed. How- 
ever, the matrix of the food vacuole is still electron opaque (x 48,000). 


Fig 4— The erythrocytic trophozoite of P berghei 24 hours after administration of non- 
radioactive chloroquine. The enlarged food vacuole (F) contains many vesicles (V) 
and electron-dense particles (arrow). Its matrix is electron translucent and no malarial 
pigment particles can be seen in this affected food vacuole (x 26,000). 
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Fig 5—The erythrocytic stage of P berghei 1 hour after administration of *H-chloroquine. 
Electron-dense filaments composed of silver grains (arrow) which indicate location of *H- 
chloroquine are present over the food vacuole (F) (x 34,000). 

Fig 6—The erythrocytic stage of P berghei 5 hours after exposure to *H-chloroquine. A 
cluster of silver grains (arrow) is present over the enlarged food vacuole (F) (x 29,000). 
Fig 7—An enlarged food vacuole (F) of P berghei 24 hours after administration of °H- 
chloroquine is closely associated with silver grains (arrow) (x 46,000). 

Fig 8—Another example of the affected food vacuole (F) of P berghei 24 hours after 
exposure to “H-chloroquine. Silver grains are again observed over the altered food vacuole 
(arrow) (X 38,000). 


Experimental Papillary Necrosis of the Kidney 
I. Morphologic and Functional Data 


G. Murray, MD, R. G. Wyllie, MD, G. S. Hill, MD, P. W. Ramsden and 
R. H. Heptinstall, MD 


Papillary necrosis was produced in rats by a single intravenous injection of 
bromoethylamine hydrobromide (BEA). The earliest changes as seen by light 
microscopy were necroses of the limbs of Henle and eosinophilic droplets in collect- 
ing ducts. Complete necrosis of the papilla took place between 4 and 7 days and 
the dead papilla was usually sequestered completely by 21 days. Cortical changes 
occurred secondary to papillary necrosis. Tubular atrophy and loss was greatest 
in the deeper parts of the central cortex, the more superficial nephrons frequently 
being spared. The perihilar cortex was the least involved. This distribution was 
considered to be related to the respective lengths of the limbs of Henle, nephrons 
with limbs extending into the papilla being those undergoing change. Increased 
urine output occurred during the first day and continued thereafter. There was 
a profound defect in concentrating ability (Am J Pathol 67:285-302, 1972). 


PAPILLARY NECROSIS of the kidney is well known to be a 
complication of either diabetes mellitus or obstruction to the urinary 
tract. The incidence at autopsy in the United States during the 1940s 
was reported to be 0.16 and 0.26% in two series.'? In the 1950s, Spühler 
and Zollinger? observed that papillary necrosis could be associated 
with, and presumably caused by, a high intake of analgesic mixtures. 
Data from Switzerland, Scandinavia and Australia indicated a great 
increase in the incidence of the condition, almost solely a result of 
analgesic abuse. Thus, percentage incidences of about 4“ and 9% ? 
in routine autopsies have been found in Australia. 

Little is known of the pathogenetic mechanisms at work in papillary 
necrosis, regardless of its etiology, and the present series of experiments 
were designed to obtain some information on one particular experi- 
mental model—the bromoethylamine hydrobromide ( BEA) model in 
the rat. This compound was first used to produce experimental papillary 
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necrosis in 1913 by Oka,” and more recently by Fuwa and Waugh;" 
with a suitable dose, the incidence of necrosis approaches 100%. It is a 
halogenated amine salt, Br: CH, CH, NH, HBr derived from ethyla- 
mine (CH, CH, NH,) and readily soluble in water in which the 
strength of ionic bonds linking hydrobromide is so weakened that the 
salt is lost to solvent molecules. The rest of the molecule under goes rapid 
solvolysis '* accompanied by ring closure. 


Br CH, CH, NH, — CH;—CH, + HBr. 


eA 
NH 


This three-membered ring is stable in solution.’® When an aqueous 
solution of BEA is injected intravenously into the rat it produces a rise 
in blood pressure after a brief period of hypotension. This particular 
compound was chosen because the induced necrosis is reproducible and 
can be produced by a single injection. That the pathogenesis may be dif- 
ferent from that after analgesic abuse, is, of course, appreciated. 

In this first paper, the sequence of morphologic changes in the kidney 
after the injection of BEA is described. In particular, attention is paid 
to the manner in which certain areas of the cortex are selectively dam- 
aged after necrosis of the papilla. A brief account is also given of the 
concentration defect that occurs. 


Materials and Methods 


A single intravenous injection of 50 mg of bromoethylamine hydrobromide 
(BEA), prepared as a 10% aqueous solution, was given to 116 female Holtzman 
rats each weighing 200 to 220 g. They were fed Purina Chow and given unlimited 
quantities of water to drink. Rats were killed at various time intervals from 6 hours 
to 40 weeks. Blood was drawn for serum urea nitrogen (SUN) estimations be- 
fore BEA was administered and immediately before the animals were killed. In 
long term survivors, blood was drawn at four weekly intervals. Serum urea nitro- 
gen was determined on .2 ml samples, using a modified Berthelot reaction. The 
animals were killed by exsanguination from the heart after ether anesthesia, Tissue 
was taken for light microscopy and fixed in formol-saline. The tissues taken were 
coronal sections through the papilla in most cases; a few longitudinal sections were 
taken. Sections were stained with hematoxylin-eosin, by the periodic acid-Schiff 
method, and with Martius scarlet for fibrin. in certain animals, tissue was taken for 
electron microscopy, but no account of this will be given at the present time. 

Urine output was measured for several weeks in the long-term survivors and 
tests for ability to concentrate urine were performed as follows: The animals were 
placed in metabolism cages several days before the test was performed so that they 
could adapt to their surroundings. On the day of the test, the rats were deprived of 
food and water for a 12-hour-period, at the end of which time, the animals’ bladders 
were emptied and the urine discarded. Urine was collected over a further 12-hour- 
period, during which time the animals were deprived of food and water. The 
amount of urine was measured and osmolality determined on either 2 or 0.2 ml 
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samples, using a model 31 LAS Advanced osmometer (Advanced Instruments 
Inc). 


Anatomy of the Medulla 


In this, and subsequent articles the nomenclature adopted by Peter !? is used 
(Text-hgure 1). The cortex is defined as that part of the kidney containing glo- 
meruli. Besides glomeruli, it contains the pars convoluta of the proximal tubular 
segment, thick ascending limbs, distal convoluted tubules, radicles of collecting 
ducts as well as arteries, veins and capillaries. Deep to this is the outer zone of the 
medulla, which is divided into an outer stripe and an inner stripe. The outer stripe 
is made up, for the main part of the pars recta of the proximal tubular segment, to- 
gether with thick ascending limbs and collecting ducts. The inner stripe contains 
mainly thick ascending limbs and collecting ducts. The thin part of the descending 
limb begins at the junction between the outer and inner stripes. Deep to the inner 
stripe of the outer zone is the inner zone of the medulla, or papilla. This contains 
collecting ducts of varying orders which eventually give rise to the ducts of Bellini 
which open on to the tip of the papilla. The inner zone also contains the thin limbs 
of the loop of Henle and the interstitial cells. The thin ascending limb gives way to 
the thick ascending limb at the junction of the inner zone and inner stripe of the 
outer zone. The limbs of Henle are of variable length, some descending to the tip 
of the papilla, others not penetrating as far as the inner zone. More will be said of 
this in the discussion section. 

The blood supply to the medulla has been well described by Moffat,!* Moffat 
and Fourman, and by Kriz and Lever." It is derived from the efferent 
vessels of the juxtamedullary glomeruli which break up into a series of vasa recta 
which pass down to the papilla in the form of vascular bundles. This “arterial side" 
of the vasa recta breaks out from the vascular bundle at various points to form 
capillary plexuses. The "venous side" of the vasa recta originates in the various 
capillary plexuses and at intervals gains admission to the vascular bundles. These 
"venous" vasa recta ascend in the bundle and end by draining into either the arcu- 
ate or interlobular veins. 

For the purpose of ease of description we have divided the cortex into two main 
areas, using a coronal section as the basis for this (Text-figure 1). That part of the 
cortex in a direct line with the papilla has been designated the central or greater 
curvature cortex. That part which lies to either side of the papilla (this would 
constitute the medial part of the anterior and posterior surfaces of the kidney) we 
have called the perihilar cortex. 





Text-Fic 1—Coronal view of rat kidney to illustrate areas referred to in text. CC = 
central cortex. GCC = greater curve cortex. OS = outer stripe. IS = inner stripe. IZ = 
inner zone or papilla. PHC = perihilar cortex. 
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Results 


Original Observations 


With light microscopy there were no striking changes during the 
first 6 hours with the possible exception of an increased prominence of 
the vascular bundles in the inner stripe of the outer zone of the medulla. 
The bundles showed an increased eosinophilia and this change was more 
pronounced at 12 hours. At this time the vasa recta of the inner stripe 
contained many red blood cells. There was difficulty in accurately 
identifying the various components in the inner stripe, but certain struc- 
tures contained eosinophilic coagula and it is probable that these were 
thin descending limbs. In the papilla at 12 hours there was an apparent 
mild dilatation of collecting ducts. 

At 24 hours, definite changes were present in the papilla. The cyto- 
plasm of collecting ducts contained rounded eosinophilic droplets which 
varied in size, some of them being larger than red blood cells, and others 
smaller ( Figure 1). Some of these droplets had been extruded into the 
lumen but the lumina contained no casts or coagula. The droplets were 
strongly PAS-positive and stained red with the Martius scarlet method. 
The collecting ducts in the middle and distal parts of the papilla were 
maximally affected except for the ducts of Bellini which still demon- 
strated their usual pale uninteresting appearance. Similar droplets were 
seen in the epithelium covering the papilla, and particularly at the 
papillary tip, the epithelium was often lost. The thin limbs were the 
structures with the greatest changes and the lumina of these contained 
homogeneous eosinophilic material (Fig 2). The staining intensity of 
the luminal contents varied; in some instances it was strongly eosino- 
philic whereas in others it was very pale. The paler staining pattern 
predominated in the more distal part of the papilla. Some of the limbs— 
particularly nearer the papillary tip—had already lost their nuclei so 
that the limb was often represented by an eosinophilic mass. Red cells 
were usually present in vasa recta and capillaries, and polymorphonu- 
clear leukocytes could be seen in the more distal capillaries. Homo- 
geneous coagula were present in some of the vasa recta and capillaries 
and in an occasional animal some more granular appearing eosinophilic 
material was present. Interstitial cells revealed no remarkable changes 
with the stains employed. In the inner stripe of the outer zone eosino- 
philic casts were seen in thick ascending limbs. Similar casts could be 
found in a scattered way in the cortex. 

At 2 davs the papilla showed similar, although more advanced, 
changes. The collecting ducts were more severely affected by the drop- 
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let change and droplets could be seen in tubules opening on to the 
papillary tip. Mitotic figures were conspicuous in collecting ducts of 
certain rats. The limbs of Henle were now almost structureless and could 
be recognized—where they were cut transversely—only as rounded 
eosinophilic areas with no nuclei (Fig. 3). The vasa recta and capillaries 
were not conspicuous and an impression was gained that there had been 
a decrease in numbers. At this stage it was often difficult to differentiate 
between limbs and capillaries. The covering epithelium of the papilla 
had disappeared in places whereas in others it contained the droplets 
seen at 24 hours. 

Over the next two days the picture of papillary necrosis became evi- 
dent. In some animals necrosis was confined to the tip, but in others it 
was more extensive. From 7 days onwards, the whole of the papilla 
showed necrosis of all the constituent parts (Figure 4) with a definite 
line between dead and living tissue being apparent. This line in general 
corresponded to the junction between the papilla (inner zone) and the 
the inner stripe of the outer zone. Elongated cells resembling fibroblasts, 
and polymorphonuclear leukocytes were present at the line of demarca- 
tion; in some animals there were large numbers of polymorphonuclear 
leukocytes in the dead or dying papilla. The dead papilla had no cov- 
ering epithelium and the tubules in the papilla were recognizable only 
as empty shells. It is of interest that apparently intact collecting ducts 
persisted in certain animals, in an otherwise dead papilla. The outer 
zone of the medulla and the cortex showed a certain degree of dilatation 
of tubules of all types in certain animals, but in others there was no such 
change. The papilla at this stage was grossly white and opaque. 

From this time on changes took place that led to separation of the 
papilla. The zone of polymorphonuclear leukocytes became less con- 
spicuous but increased fibroblastic activity produced a denser type of 
tissue at the junction of dead and healthy tissue. The time at which 
the papilla separated was variable; in some animals this was achieved 
by 14 days but in others not until 21 days. Following separation there 
was a rapid ingrowth of epithelium to cover the raw stump (Figure 5), 
this epithelium on occasion being several layers thick. Collecting ducts 
at a later stage were seen discharging at this new surface. Considerable 
amounts of dense fibrous tissue developed in the stump, being much in 
evidence as early as 28 days after administration of BEA. It was in- 
variably denser in the more central parts of the stump, the density in- 
creasing with time and being fully developed by 2 months. 

There were certain points of interest in the behavior of the papilla 
up to the time of separation. In some animals between 2 and 21 days 
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there was persistence of epithelium on the surface of the dead papilla. 
This occurred in a patchy way and sometimes there were several under- 
lying intact tubules. In certain animals there was a partial papillary 
necrosis and when this occurred it was usually in the central part, with 
intact tubules proximal, distal and lateral to it (Figure 6). One animal 
seen at 9 days had a remarkable heminecrosis of the papilla with a zone 
of polymorphonuclear leukocytes running down the middle of the 
papilla at the junction of necrotic and nonnectrotic tissue. When papil- 
lary necrosis occurred it was invariably bilateral and no example of a 
unilateral necrosis was seen. 

In animals killed at later periods, say after 2 months, it was fr equent 
to find a yellow papilla lying free in the pelvis of the kidney. This papilla 
was frequently extensively calcified. 

Changes in the cortex followed those in the papilla. As early as 12 
hours there was in certain animals a mild dilatation of the collecting 
ducts, but it was never extreme. Eosinophilic coagula were often present 
in the ascending limbs and this change was noted as early as 24 hours 
after administration of BEA. Other changes present at this time were 
mild vacuolization and hyaline droplets in proximal segments, which 
very occasionally showed overt necrosis. These changes were usually 
worse in the deeper parts of the cortex. Mitotic figures in proximal seg- 
ments were sometimes seen at 2 to 3 days, the significance not being 
fully understood. By 7 days there was a mild dilatation of other seg- 
ments of the tubules and the pars recta of the proximal segment was 
particularly affected. By 9 days a basophilic tint was present in the 
proximal convoluted tubules. This was a focal change and occurred in 
particular in those nephrons whose glomeruli were situated in the deep 
part of the central cortex. The change was less conspicuous in those 
nephrons arising from the superficial part of the central cortex and in 
those in the perihilar cortex. At this time there was dilatation, again 
of a focal type, in all segments of the nephron, including the pars con- 
voluta of the proximal segment. The basophilic change in the proximal 
convoluted tubule gradually progressed into atrophy and eventual dis- 
appearance in certain instances. Atrophy was clearly apparent by 28 
days. The atrophic changes occurred predominantly in the deeper neph- 
rons of the central part a the cortex (Figure 7) but similar atrophic 
changes, although less widespread, occurred in the more superficial 
nephrons. By 56 days enclaves of intact nephrons could be seen in this 
superficial part interspersed among atrophic areas. The perihilar cortex 
varied in its behavior. In some animals there was a virtual sparing of this 
area (Figure 8), but in others there was extensive patchy atrophy and 
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loss. The sparing of the perihilar cortex was often apparent even on 
gross inspection, the anterior and posterior surfaces at 2 months being 
smooth with depressed scarring over the greater curvature. 

By 28 days pale blue casts could be found within tubules. These were 
sometimes large and blocked the lumen; they were PAS positive. As 
time went by, some of these pale blue structures became very large and 
did not always appear to be confined to tubules. In animals of 3 months, 
or greater duration, cysts were often seen in the cortex, protruding out 
from the subcapsular surface. These cysts were lined by cubical epi- 
thelium; it is not apparent which segment of the tubule was involved in 
cyst formation. The kidneys at this time were often grossly and uni- 
formly scarred with large numbers of cysts being present. 

By 90 days, scattered glomeruli—which hitherto had not been af- 
fected, apart from thickening of Bowman's capsule—showed areas of 
eosinophilia such as are seen in hypertension. This change was often ex- 
treme in animals of over 6 months’ duration. In an occasional animal 
necrotizing arterial changes were found in both kidney and mesentery. 
These were almost certainly brought about by hypertension and blood 
pressure recordings in rats with a 6 month interval following BEA ad- 
ministration were frequently elevated. These pressures were measured 
after cannulation of the femoral artery immediately prior to death. 
There was almost invariably an elevation of serum urea nitrogen to 
levels of over 60 mg/100 ml in these old hvpertensive animals. 


CO Rote with popillory necroeis 
$----4 Control rots 


URINE OUTPUT IN 24 HOURS (mi) 





EY SN! VRE CARROT ERE TENE CONIC DUREE 
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TIME !N DAYS 


Text-ric 2—Comparison of 24-hour urine output in animals receiving BEA to pro- 
duce papillary necrosis and in control group. Means of 10 rats in each group. 
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Urine output. The 24 hour urine output of 10 control rats on un- 
restricted food and water is shown in Text-fig. 2. There were slight fluc- 
tuations from day to day from animal to animal and some animals pro- 
duced more urine than others. Only very occasionally did a rat in this 
group produce more than 20 ml in 24 hours. By contrast the same figure 
shows the 24 hour urine output for a comparable number of rats with 
papillary necrosis. The output was consideraby greater although there 
was a wide range of output from animal to animal. Some animals pro- 
duced over 60 ml of urine over a 24 hour period. The osmolality of the 
urine was invariably low when this was tested 48 hours following ad- 
ministration of BEA. It is of great interest that the urine output was 
considerably elevated during the first 12 hours of collection following 
the administration of BEA, and the output during the first 24 hours was 
comparable to the daily output which occurred over the ensuing sev- 
eral weeks. It is also of interest that we could detect no significant fluc- 
tuation in urinary output during the period over which sequestration 
of the papilla was taking place. 

No detailed study of the amount of protein in the urine was made 
but there was a 2 to 4 plus recording in most animals with papillary 
necrosis. 

Tests for concentration. Table 1 compares the concentrating ability 
of rats with papillary necrosis—using the regimen described in an earlier 
section—with a group of control rats. All rats with papillary necrosis 
had received BEA at least 21 days beforehand so that it is a reasonable 
assumption that sequestration of the papilla had occurred. There is a 
pronounced difference between the two groups, and in general the 
animals with papillary necrosis were unable to concentrate above 1000 
milliosmoles per kg water. The table also demonstrates the significant 


Table 1—Animals Deprived of Food and Water for 12 Hours; Bladder Emptied and Urine 
Discarded. 
Urine collected over next 12 hour period during which time animals are deprived of food and 


water. 
MM MM M M MMM—Q€ renner U 
Mean Urine Mean Osmolality 
Volume with of Urine with SD 
Number SD (ml) (mOsm/kg water) 
Rats with 
papillary necrosis 21 8.6 (2.8) 781 (146) 
Control rats 19 2.3 (0.7) 1908 (397) 


Difference between two groups for means of urine volume and osmolality statistically 
significant (P >> .001). 
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difference in urine output between the two groups on the fluid and food 
restricted regimen. 

Nitrogen retention. The level of serum urea nitrogen (SUN) was 
determined at different stages in the evolution of the papillary necrosis. 
The level rose to a mean of 51.7 mg/100 ml (SD 21.5) after 2 months, 
from a pretreatment level of 19.8 mg/100 ml (SD 2.97). The level at- 
tained was proportional to the amount of damage in the kidney as a 
whole. Very high levels of over 100 mg/100 ml were found in several 
animals allowed to survive for over 6 months. These animals had often 
developed hypertension by this time. 


Discussion 


The early changes, as revealed by light microscopy, are found in the 
thin limbs of Henle in the renal papilla. By 48 hours there is consider- 
able dissolution of these structures. Changes in the collecting ducts are 
well developed at 24 hours, rounded eosinophilic "droplets" appearing in 
the cytoplasm at that time. Over the ensuing few days, overt necrosis 
of the entire papilla takes place, with a zone of polymorphonuclear leuk- 
ocytes developing at the junction of dead and healthy tissue. With con- 
ventional light microscopy we have not been able to demonstrate with 
any regularity in the early stages an organic blockage of the vasa recta, 
and a similar absence of changes using the same model was described 
by Fuwa and Waugh."* Electron microscopic studies are being per- 
formed to study the early phases. We are faced with several possible 
mechanisms to account for the death of the papilla; of these two seem 
most likely. In the first instance there could be a direct poisoning of 
the tubules by the bromoethylamine. In the second, bromoethylamine 
might interfere with the blood supply to the papilla in such a way that 
necrosis ensues. Studies were performed to determine which of these 
two alternatives was the more likely, and a detailed account and dis- 
cussion of these are given in a later paper. 

One of the features of papillary necrosis in man is the way in which 
the cortex may also show changes. So common are these that it was once 
considered that a chronic interstitial nephritis was the fundamental 
lesion in analgesic abuse.” It is now felt that cortical changes occur 
secondarily to papillary necrosis. The current experiments show that 
the cortex becomes involved in virtually everv animal with experi- 
mental papillary necrosis, and this takes place only after the papillary 
necrosis is established. The changes are in some way related to the ob- 
struction of nephrons in a manner akin to those seen in the cortex fol- 
lowing obstruction to the urinary tract. It is unlikely that the obstruc- 
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tion is in the collecting ducts; the reasons for believing this are as 
follows. First, if cortical changes were brought about by obstruction to 
the collecting ducts passing through the necrotic papilla, it would be 
anticipated that they would be diffuse, as all nephrons have a final com- 
mon pathway through the ducts of Bellini that discharge on to the 
papillary tip. As described earlier, the changes are not diffuse. Second, 
the tremendous output of urine from the first day onwards would ar- 
gue against any significant obstruction to the collecting ducts. Presum- 
ably in the early stages, before sloughing of the papilla takes place, 
urine can pass freely down dead conduits: in the later stages, after the 
papilla has become detached, urine is discharged into the renal pelvis 
from collecting ducts which end at the proximal papillary stump. We 
believe it is much more likely that the cortical changes are brought 
about by obstruction occurring in the thin limbs. In the first place there 
is good histologic evidence that the limbs become necrotic within the 
first few days of obstruction and after this time they may be impossible 
to identify. In the second place it is noticed that the nephrons showing 
maximal changes are those arising from glomeruli in the deeper part 
of the central cortex. In contrast less severe involvement is found in 
those nephrons arising from glomeruli in the superficial part of the cor- 
tex over the greater curvature, and even less severe involvement may 
be found in the perihilar cortex. In some rats with profound changes 
in the central cortex, the perihilar cortex may be virtually normal. From 
the work of Munkácsi and Palkovits,? and of Wahl and Schnermann.? 
It is appreciated that the superficial glomeruli have loops which do not 
as a rule descend into the papilla. In contrast the deeper glomeruli have 
long thin limbs which descend into the papilla? Interference with the 
continuity of the long thin limbs which reach the papilla would pro- 
duce changes in the tubules arising from the deeper glomeruli, whereas 
the tubules arising from the superficial areas would be relatively spared. 
This, in fact, was the finding in the experiment, although the degree of 
damage to tubules arising from superficial glomeruli was greater than 
anticipated. It should be noted that Lechéne et al. described that 
19.8% of the superficial glomeruli had long loops of Henle. This would 
fit our data much better. There is unsufficient information in the lit- 
erature on the length of thin limbs of nephrons in the perihilar cortex, 
but because of the fewer changes in this area we would predict that 
the majority are short and do not descend into the papilla. The pro- 
posed sequence is shown in Text-fig. 3. 

The less severe involvement of the perihilar cortex could alternatively 
be explained by obstruction to collecting ducts in the following way. 


Vol. 67, No. 2 PAPILLARY NECROSIS OF THE KIDNEY 295 
May 1972 


Text-ric 3— Explanation of involvement of deeper glomeruli in central cortex. a, b, 
and c — those in perihilar cortex. 1, 2 and 3 are different stages in time. 


limbs. a — those in outer part of central cortex, b — those in deeper part of central cortex, 
and c = those in perihilar cortex. 1, 2 and 3 are different stages in time. 


If we accept for the moment that the cortical changes are secondary to 
blockage of collecting ducts (we have explained why we are reluctant 
to do this) then there must be some less severe involvement of the 
collecting ducts draining the perihilar cortex. It is conceivable that this 
could happen if a greater degree of fibrosis were produced in the cen- 
tral part of the remaining papillary stump compared with the more 
peripheral part where the collecting ducts from the perihilar cortex 
discharge their contents in the newly created situation. Fibrosis in the 
central part of the stump does indeed appear denser than that at the 
periphery in most animals ( Text-fig. 4). However, the objections to this 
idea are, first, the way in which the superficial nephrons from the 
greater curvature or central cortex are frequently spared; these drain 
through the more fibrous part. Second, atrophy of proximal convoluted 
tubules begins to occur at a time before which there is any great degree 
of fibrosis in the stump. 

It is of considerable interest to consider the distribution of cortical 
changes in man. As in the rat there is maximal damage in that part of 
the cortex directly overlying the damaged papilla. In contrast the col- 





TEXT-FIG 4— Alternative explanation for greater involvement of central cortex. Collect- 
ing ducts from perihilar cortex (PHC) traverse less fibrotic area than those from central 
cortex (CC). 
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umns of Bertin are frequently spared, the columns of Bertin being the 
analogue in the multipapillary kidney of the perihilar cortex in the uni- 
papillary kidney. This sparing of the columns of Bertin has been com- 
mented on by both Kincaid-Smith *? and by Burry. They regard the 
cortical changes are resulting from obstruction bv the necrotic papilla. 
Kincaid-Smith ?* points out the lateral disposition in the papilla of the 
collecting ducts from the columns of Bertin, and goes on to explain the 
sparing of the columns by a reestablishment of connection of their col- 
lecting ducts with the newly formed calyceal cavity following papillary 
necrosis. We have had insufficient experience of analgesic papillary 
necrosis in man to enable us to comment on this. A very large number 
of cases studied at different stages would be required to substantiate 
this thesis, but by analogy with the experimental model we would con- 
sider obstruction to thin limbs a more plausible concept. It is apparent 
that the main reason for differing explanations is the lack of informa- 
tion available on the distribution in the different part of the cortex of 
nephrons with thin limbs which descend into the papilla compared 
with those with short limbs. 

The functional data are of interest in several respects. In the first 
instance the tremendously increased urine output occurs within a short 
time after administration of BEA, indicating that some defect in the 
concentrating mechanism has occurred very early and at a time before 
there are any anatomical changes detectable by light microscopy. Fur- 
ther evidence that a concentrating defect occurs within a few hours 
after administration of BEA will be presented in a later paper. The 
high output of urine continues over the next few days and, as com- 
mented earlier, the urine must be transmitted along dead collecting 
ducts until such time as sequestration occurs. From this time onward 
urine is discharged from shortened collecting ducts which open on to 
the reepithelialized stump of the papilla. In view of the fact that the 
papilla has by this time disappeared, it is probable that all the urine is 
being produced by nephrons which have short thin limbs, ie—those 
that do not descend into the papilla and which have therefore not had 
their continuity interrupted. This idea could be countered by sup- 
posing that thin limbs might discharge directly on to the surface of 
the papillary stump. We have seen no morphologic evidence for this 
and it seems unlikely that the delicate thin limbs could traverse the 
dense fibrous tissue present in the stump. 

The defect in concentration is predictable because the structures 
necessary to effect the counter current mechanism have been elimi- 
nated; at the time the tests were performed the animals were without 
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their papillae. No concentration tests were performed in the early stages 
of papillary necrosis, but casual determinations of urine osmolality 48 
hours following administration of BEA showed extremely low values. 
At this time the limbs of Henle were necrotic and the collecting ducts 
showed an accumulation of PAS-positive droplets. There is therefore at 
this time, and at 24 hours, morphologic evidence by light microscopy of 
damage to the structures concerned with the concentration mechanism. 
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Fig 1—Section through papilla in proximal part of distal one-third. Collecting 
tubules contain granules of varying size (Martius scarlet, x 750). 
Fig 2—Section through midportion of papilla at 24 hours. Casts are seen in 


limbs of Henle. No appreciable change in collecting tubules at this level (H&E, 
x 400). 
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Fig 3—Section through midportion of papilla at 48 hours. Complete necrosis 
of limbs of Henle. Collecting tubules of this size, which are smaller than in 
Fig 1 contain barely discernible fine granules (H&E, X 200). 

Fig 4—Necrotic papilla at 7 days. The covering epithelium is lost and, in the 
distal part, empty shells of tubules can be seen. Necrosis is most apparent in 
the more proximal part. The zone of polymorphs at the junction of live and dead 
tissue can be partially seen in the bottom left corner (H&E, x 40). 
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Fig 5—Stump of papilla at 56 days to show how the raw surface has been 
covered by epithelium. Some areas of dense interstitial tissue can be seen and 
there is mild tubular dilatation. The remains of the distal part of the papilla 
can still be seen, one small fragment being adherent to the stump (H&E, X 175). 
Fig 6—Papilla at 18 days to show how occasionally the necrosis is confined to 
the central part, sparing the tip and peripheral part (H&E, X 50). 
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Fig 7—Section through deep part of central cortex at 2 months. There is con- 
siderable tubular loss and atrophy. Some tubules are much dilated (H&E, x 200). 
Fig 8—Section through perihilar cortex at 2 months. Glomeruli and tubules are 
preserved (H&E, x 200). 
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Cytochemical Localization of Peroxidase 
Activity in the Developing Erythrocyte 


Ann M. Dvorak, MD, Harold F. Dvorak, MD and 
Morris J. Karnovsky, MD 


Peroxidase activity, demonstrated with diaminobenzidine as the electron donor 
according to the method of Graham and Karnovsky, was used as a cytochemical 
marker in a study of developing erythrocytes in guinea pig and rabbit bone mar- 
row. Peroxidase activity was deposited diffusely in the cytoplasm and nuclear 
matrix of developing cells and was thought to represent hemoglobin, which others 
have shown by independent criteria to have a similar distribution. Diffuse localiza- 
tion was first observed in erythroblasts and at all subsequent stages of develop- 
ment. Another finding was the significant particulate localization of peroxidase 
activity apparently associated with cytoplasmic ribosomes and nuclear particles 
of immature erythrocytes. This activity differentiated the most primitive erythroid 
precursors from hemocytoblasts of other marrow cell lines, a distinction impossible 
by strictly morphologic criteria. Particulate peroxidase localization was identified 
in erythroid hemocytoblasts, erythroblasts, normoblasts and reticulocytes but not 
in mature erythrocytes. The nature of the particle-associated peroxidase activity 
was not determined with certainty. However, it could not be differentiated from 
the diffuse activity, thought to reflect hemoglobin, by several inhibitors and could 
not be attributed to erythrocyte catalase. The possibility is therefore raised that this 
activity represents hemoglobin, newly assembled either on or immediately adjacent 
to nuclear particles and cytoplasmic ribosomes (Am J Pathol 67:303-326, 1972). 


A VARIETY OF ENDOGENOUS PEROXIDASE ACTIVITIES exists in 
plant and animal tissues and may be detected by both biochemical 
and histochemical methods. 

Several of the enzymes responsible for this activity have been well 
characterized and all have been found to be heme proteins. These 
include the peroxidases of milk, white blood cells, thyroid microsomes 
and the horseradish plant.? 

Mature erythrocytes of many species exhibit peroxidase activity. 
This activity has generally been attributed to the presence of the heme 
protein, hemoglobin, which catalyzes the oxidation of a variety of 
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substrates bv hydrogen peroxide and which is often referred to as 
a "pseudoperoxidase." Red blood cells also contain a catalase which 
might contribute activity under certain circumstances. The peroxidase 
activity of erythrocytes is stable during fixation and tissue processing, 
can produce an insoluble reaction product which is readily visualized 
in the electron microscope and might, therefore, be expected to afford 
a useful cytochemical marker in developing cells. 

We have used peroxidase activity, as demonstrated with diamino- 
benzidine as the electron donor, to study the development of erythro- 
cytes in guinea pig and rabbit bone marrow. We have been able to 
identify red blood cell precursors at earlier stages of differentiation 
than has been possible by morphologic criteria alone. An unexpected 
finding was the presence of significant peroxidase activity associated 
with ribosomes and nuclear particles of immature erythrocytes, an ob- 
servation which may have relevance to biochemical theories of hemo- 
globin synthesis. 


Materials and Methods 


Observations were made on 14 normal adult English short hair guinea pigs 
and 2 adult New Zealand rabbits whose bone marrow had been stimulated by 
treatment with phenylhydrazine.? Animals were sacrificed and small blocks of 
femoral bone marrow were immediately fixed by immersion for 2 hours at room 
temperature in a mixture? containing 1% paraformaldehyde, 1.25% glutaralde- 
hyde and 1.5 x 107M CaCl, in 0.1M sodium cacodylate buffer, pH 7.4. Tis- 
sues were then washed overnight in 0.1M sodium cacodylate buffer, pH 7.4. 


Normal Morphology 


Tissue was postfixed in 1.5% collidine-buffered osmium tetroxide for 2 hours 
at 4°C before being dehydrated in a graded series of aleohols and embedded in 
Epon 812. For purely morphologic observation, sections were stained lightly with 
lead citrate? However, for comparison with tissues reacted for peroxidase ac- 
tivity, sections were routinely examined unstained, and only photographs of 
unstained sections are illustrated in this paper. 


Cytochemistry 


After the overnight wash in 0.1M sodium cacodylate buffer, 40 u sections were 
cut with a Smith-Farquhar tissue chopper and incubated for 1 hour at room 
temperature in Graham and Karnovsky’s medium* containing 5 mg of 3-3’ di- 
aminobenzidine tetrachloride (DAB-Sigma Chemical Co, St Louis, Mo) and 
0.01% hydrogen peroxide in 10 ml of 0.05M Tris-HCI buffer at pH 7.6 or pH 
6.0. Sections were also incubated according to the method of Novikoff and 
Goldfischer.7 A variety of controls was employed. In some instances either DAB 
or H:O, was omitted from the reaction mixture. To exclude nonspecific binding 
of reduced DAB to tissue components, the sections were incubated for 1 hour 
in 0.05M Tris-HCl buffer containing 5 mg of DAB, were washed three times in 
buffer and were then incubated for 15 minutes in 0.05M Tris-HCl buffer con- 
taining 10-?M potassium ferricyanide.? To exclude nonspecific binding of oxidized 
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DAB to tissue components, 5 mg of DAB in 0.05M Tris-HCl buffer was oxidized 
by reaction for 15 minutes with 10-*M potassium ferricyanide. Bone marrow sec- 
tions were then added to the mixture, incubated for 1 hour at room temperature 
and then washed three times in buffer. 

Following appropriate incubation, the sections of bone marrow were washed 
overnight in 0.05M Tris-HCl buffer, pH 7.6, postfixed, dehydrated, and em- 
bedded as described above. Sections were cut with an LKB H ultrotome and 
were studied in an RCA 3F or Philips 200 electron microscope. To avoid con- 
fusion of peroxidase reaction product with deposits of heavy metal stain, only 
unstained sections were examined. 

Inhibitors. The inhibitory effects of several chemicals and heat on the cy- 
tochemical reaction were evaluated. Forty u chopped sections were preincubated 
for 30 minutes at room temperature in 0.05M Tris-HCl buffer, pH 7.6 containing 
either 10M or 10-?M potassium cyanide, 101M sodium azide, or 2 x 10-2M 
3-amino- 1,2,4- triazole or were boiled for 10 minutes in buffer. After this treat- 
ment, sections were incubated for 1 hour in complete Graham and Karnovsky's 
medium supplemented with the same concentration of the appropriate inhibitor. 
After incubation, sections were processed as above and unstained sections were 
examined in the electron microscope. 

Peroxidatic Activities of Hemoglobin and Hematin. The peroxidatic activities 
of hemoglobin (bovine, twice crystallized, Sigma Chemical Company, St Louis, 
Mo) and hematin were measured by following spectrophotometrically the change 
in absorbance due to the oxidation of O-dianisidine in the presence of H,O, *? and 
were compared to the values obtained using horseradish peroxidase (Type H, 
Sigma Chemical Co). According to the manufacturer, the preparation of the hemo- 
globin studied contained up to 75% by weight methemoglobin, the remainder being 
largely oxyhemoglobin. Bovine hemin (Mann Research Laboratories, NY, NY) was 
solubilized and quantitatively converted to hematin by dissolution in water with 
NaOH. The reaction mixture contained 0.003€ H.O, and 0.008% O-dianisidine in 
0.01M phosphate buffer, pH 7.3. One-tenth milliliter aliquots of the various com- 
pounds tested were added to 3 ml of reaction mixture, and the change in ab- 
sorbance at 460 my was measured at 15-second intervals at room temperature. Ac- 
tivity was expressed as the change in absorbancy per minute per micromole as 
measured in a Zeiss spectrophotometer. 


Results 
Normal Morphology of Developing Red Blood Cells 


The fine structure of developing red blood cells has been described 
by several authors =? and our results agree with their findings. In 
brief, the most primitive marrow cell, the hemocytoblast, was a large 
cell with a large nucleus and prominent nucleoli. The pale interchro- 
matinic substance (nuclear matrix) contained small particles many of 
which resembled ribosomes in size and shape. Some, however, were 
larger and more irregular than ribosomes. The cytoplasm contained 
many free ribosomes, often grouped as polysomes, varying numbers of 
mitochondria, and a Golgi area. Phenylhydrazine-treated rabbits had 
large numbers of hemocytoblasts, presumably of the erythroid series, 
in their marrow. Until differentiation took place (for example, granule 
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production in the myeloid series) one could not reliably determine 
the developmental potential of a given marrow hemocytoblast by 
morphologic criteria alone. 

Differentiation in the ervthroid series involved progressive reduction 
in nuclear and cytoplasmic size and condensation of nuclear chromatin 
into large dense angular masses. The nuclear interchromatinic space 
with its complement of particles also became markedly reduced in size. 
Prominent nuclear pores were seen, some of which were bridged by a 
thin septum. 

The cvtoplasm of the erythroblast contained numerous free ribosomes, 
often grouped as polvsomes, a few mitochondria, and a small Golgi 
zone. Ferritin particles were adherent to the fuzzy surface coat at 
cup-shaped depressions of the cell membrane and were apparently 
taken into the cell as these membrane depressions invaginated to form 

vesicles. With further maturation, fewer ribosomes were visualized and 
the cytoplasm and nuclear matrix contained homogeneous, light staining 
material identified as hemoglobin." The normoblast had a greatly 
condensed nucleus with little interchromatinic space. With nuclear 
extrusion, the normoblast became a reticulocyte, a cell retaining moder- 
ate numbers of ribosomes. Finally, the mature erythrocyte was a dense, 
anucleate cell, smaller than the reticulocyte, and lacking ribosomes. 


Cytochemical Localization of Reaction Product in Differentiating Erythrocytes 


The various stages of erythrocyte development in guinea pig and 
rabbit bone marrow, as illustrated in — aphs of sections incubated 
for peroxidase activity, appear in Figure 1, 2, 5-8, and 10-13. Figure 3, 

4 and 9 represent micrographs of sectione put reacted for peroxidase. 
None of the sections illustrated was exposed to heavy met tal stains. 
The results obtained in the two species were similar and are considered 
together. Cytochemical incubation of guinea pig marrow at pH 7.6, 
6. 0: and 9.0 gave comparable results. 

Hemocytoblasts. Primitive erythrocyte precursors, indistinguishable 
from other blast cells by morphologic criteria in routine sections, were 
readily identified by the presence of peroxidase reaction product on 
their cytoplasmic ribosomes (Figure 2 and 8). The interchromatinic 
area of the nucleus of these cells (nuclear matrix) also contained posi- 
tively reacting particles some of which had the size and shape of ribo- 
somes (Figure 2). Mitochondria, perinuclear cisternae, and small Golgi 
vesicles and saccules were uniformly negative. The density of the nucle- 
olus of these cells was not incicased after incubation in cy 'tochemical re- 
action mixture and was therefore also considered negative. The ribo- 
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somes, positive. for reaction Sinn were CABE EE into Pose 
erythrocy te bubo lacked diffuse eei HRS denies 
(Figure 10) corresponding to the hemoglobin of more mature cells. 

The ribosomes of other hemocytoblasts in the bone marrow, pre- 
sumably the precursors of nonerythrocyte cell lines, did not show 
peroxidase activity (Figure 1). Myeloblasts had numerous ribosomes, 
usually associated with endoplasmic reticulum, but these invariably 
lacked reaction product. Focal staining of eosinophil myelocyte ribo- 
somes was noted occasionally but usually in an area adjacent to intense 
reaction product associated with the strong peroxidase reaction of 
the mature granule. It could not be decided whether this erratic staining 
represented diffusion of enzyme or reaction product or in fact reflected 
ribosomal synthesis of eosinophil peroxidase. 

En ythroblasts. Erythroblasts were somewhat smaller cells with a 
smaller nucleus and less ample cytoplasm (Figure 1, 4, 5, 7 and 8). The 
nucleus contained larger aggregates of chromatin. The nuclear matrix, in 
contrast to that of nonerythroid cells, contained peroxidase-positive ma- 
terial (compare Figure 1, 5 and 8, peroxidase reacted, with Figure 4). 
Nuclear particulate staining was less obvious in older erythroblasts 
(Figure 7) which had fewer nuclear particles. The cytoplasmic ribo- 
somes of erythroblasts, for the most part arranged as polysomes, were 
intensely positive (Figure 5 and 11). In addition, reaction product was 
sometimes deposited focally in the cytoplasm between ribosomes and 
unassociated with any cell organelles (Figure 11), In agreement with 
earlier studies '' this localization was thought to represent newly synthe- 
sized hemoglobin. 

Normoblasts. Normoblasts were smaller cells with a small nucleus 
containing dense aggregates of chromatin in osmium-collidine postfixed 
tissues. After incubation in peroxidase reaction medium, the inter- 
chromatinic areas of the nucleus of these cells contained peroxidase- 
positive material, not associated with particles, and thought to represent 
hemoglobin. Fewer ribosomes were present, although those remaining 
were intensely positive for reaction product and stained more densely 
than the diffuse deposits of cytoplasmic hemoglobin (Figure 6 and 12). 
Ferritin was also recognized within cytoplasmic vesicles of these cells 
and was attached to cup-shaped depressions of the surface membrane. 
Ferritin was readily distinguished from cytochemical reaction product 
at all stages of cell development. 

Reticulocytes. Reticulocytes lacked nuclei and had relatively fewer 
ribosomes than normoblasts. Residual ribosomes stained more intensely 
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for peroxidase activity than did the surrounding cytoplasm which was 
intermediate in density between that of normoblasts and mature erythro- 
cytes ( Figure 7). 


Mature red blood celis 


Mature erythrocytes lacked ribosomes and the cytoplasm was diffusely 
and densely positive for reaction product ( Figure 8). 


Controls 


No cytochemical reaction. Material postfixed in osmium-collidine 
and unstained with heavy metals was examined to determine the rela- 
tive densities of structures in developing red cells in the absence of a 
cytochemical reaction. In this material, it was noted that ribosomes were 
slightly more dense than the surrounding cytoplasm, and the inter- 
chromatinic area of the nucleus had minimal density (Figure 3, 4 and 
9). The relative densities of cellular structures were thus similar to those 
observed in unstained sections of nonerythroid bone marrow cell lines. 
Following incubation for peroxidase activity, however, the striking 
changes in density described above, cytoplasmic and nuclear, particu- 
late and diffuse, became obvious (compare Figure 2 and 8, incubated, 
with Figure 3, nonincubated; likewise, compare Figure 1, 5, 7 and 8 
with Figure 4; and Figure 11 with Figure 9). Similar dense particulate 
and diffuse reaction product did not develop in nonerythroid cells fol- 
lowing incubation for peroxidase activity except for rare staining of 
ribosomes in eosinophils adjacent to strongly positive specific granules. 

Absence of HO; or DAB from reaction media. Omitting either H:O. 
or DAB resulted in a negative cytochemical reaction in dev eloping and 
mature red blood cells, analogous to that observed in Figure 3, 4 and 9. 

Control for nonspecific absorption of reduced DAB. When tissue 
was preincubated for 1 hour in the presence of DAB but without H:O- 
and subsequently incubated for 15 minutes in 0.05M Tris-HCI contain- 
ing 10? potassium ferricyanide, developing and mature red blood cells 
lacked densities of the type observed in cells incubated in complete 
medium. This is convincingly illustrated when Figure 9, a high magnifi- 
cation micrograph of an erythroblast studied for nonspecific absorption 
of DAB, is compared with Figure 11, a micrograph of a similar cell 
reacted for peroxidase and photographed at the same magnification. 

Control for nonspecific absorption of oxidized DAB. When sections 
of bone marrow were incubated in DAB which had been oxidized with 
potassium ferricyanide, developing and mature erythrocytes were again 
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negative for reaction product, indicating that nonspecific binding of 
oxidized DAB to the tissue was not responsible for the results observed. 


Inhibitors 


The peroxidase activity observed on ribosomes and nuclear particles, 
as well as the diffuse nuclear and cytoplasmic activity of mature and 
developing erythrocytes, were completely inhibited by 10M but not 
10M KCN. Sodium azide, 10 M, caused a moderate loss of activity in 
mature red cells and a greater loss of reactivity, both particle associated 
and diffuse, in immature erythrocytes. Aminotriazole, in a concentra- 
tion of 2 X 10?M, produced no detectable inhibition of peroxidase activ- 
ity in either the mature or developing red blood cell (Figure 8 and 
13). Lack of inhibition of the peroxidatic activity of mature red blood 
cells. with this concentration of aminotriazole has been previously 
described.'*^ Heating caused a patchy and irregular loss of peroxidase 
activity in red cells with sparing of activity in intervening areas. 

The peroxidase activity of mature eosinophil granules was unaffected 
by 10"M KCN, 10°M sodium azide, and 2 x 10°M aminotriazole, 
confirming earlier work.!*'* 

Peroxidatic activities of hemoglobin and hematin. Since the cyto- 
chemical peroxidase activity observed in erythrocytes could be attrib- 
uted either to free hematin or to hemoglobin, it was of interest to 
measure the relative peroxidatic activities of these compounds bio- 
chemically with reference to the true peroxidase derived from the 
horseradish plant. The results of this comparison, using O-dianisidine 
as the electron acceptor are summarized in Table 1. The relative 
peroxidase activities of bovine hematin, bovine hemoglobin, and horse- 
radish peroxidase, expressed in molar terms, were found to be 1, 11 
and 7852 respectively. Comparable relative activities of hematin and 
hemoglobin were obtained by Bancroft and Elliott.'* 


Table 1—Peroxidatic Activities of Bovine Hematin and Hemoglobin Relative to Horseradish 
Peroxidase 








Molecular Relative molar 
weight Units*/, mole activities 
Hematin 633 2.7 1 
Hemoglobin 68,000 29.7 li 
Horseradish 40,000 21,200 7852 


peroxidase 
MEIN aR A a a ta we a a AEAEE 


* Change in absorbancy at 460 mu/min at room temperature and at pH 7.3 
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Discussion 

We have used the well known peroxidase activitv of erythrocytes 
as a cytochemical marker in studies of red blood cell differentiation 
in the bone marrows of guinea pigs and phenylhydrazine-treated rabbits. 
Mature erythrocytes, reticulocytes, normoblasts and late erythroblasts 
of both species contained diffuse deposits of peroxidase-positive ma- 
terial, unassociated with ribosomes, in their cytoplasm corresponding 
to the distribution of hemoglobin identified by others in strictly mor- 
phologic studies. Similar deposits were observed in the nuclei of 
erythroblasts and of older cells in the erythroid series. These cyto- 
chemical data, therefore, considered in the light of earlier studies of 
erythrocyte ultrastructure,!'? absorption microspectroscopy "° and fluo- 
rescence microscopy,” suggest that the diffuse nuclear and cytoplasmic 
peroxidase activity observed may be attributed to hemoglobin. Al- 
though small amounts of free heme may be present in the mature 
erythrocyte, quantitative considerations make it likely that the great bulk 
of cytochemical activity reflects the presence of hemoglobin." Per- 
oxidase staining was not observed in mitochondria, the site of heme 
synthesis, and in a biochemical assay system bovine hematin was found 
to possess only one-eleventh of the peroxidatic activity of hemoglobin. 

Unexpected was the demonstration of peroxidase activity associated 
with ribosomes and nuclear particles of developing erythrocytes. Particle- 
associated peroxidase activitv, both nuclear and cytoplasmic, appeared 
at an earlier stage of dev elopment than diffuse activity (presumably 
hemoglobin) and was well developed in erythroid hemocytoblasts and 
erythroblasts but was not seen in nonerythroid hemocytoblasts, myelo- 
blasts or lymphoblasts. With differentiation, additional peroxidase activ- 
ity appeared diffusely both in the nucleus and in the cytoplasm 
(Figure 6, 11 and 12), unassociated with cell organelles, as described 
above. As the nucleus condensed, the interchromatinic space with its 
particulate and diffuse peroxidase activities was reduced in size and little 
nuclear activity remained in the mature normoblasts. Ribosome asso- 
ciated activitv persisted in the cytoplasm through the reticulocyte 
stage (Figure 7) but mature erythrocytes, lacking ribosomes, had only 
diffuse staining ( Figure 8). 

The particle associated reactivity observed in the cytoplasm was 
localized to ribosomes. Breton-Gorius,” in a study of developing human 
bone marrow erythrocytes, also suggested the possibility of ribosomal 
peroxidase activity. However, her observations did not exclude the 
possibility of diffusion from the adjacent, hemoglobin-rich, cytoplasm. 
In our study the cytochemically reactive particles were commonly 
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arranged in configurations with the appearance and dimensions of 
polysomes (Figure 10-13), and in the youngest erythroid cells, lacking 
diffuse peroxidase activity, unstained ribosomes could not be visualized 
between peroxidase positive cytoplasmic particles. Finally, the particu- 
late cytoplasmic reactivity and the number of cytoplasmic ribosomes de- 
clined in parallel as erythrocytes matured such that both were con- 
siderably reduced in reticulocytes and absent in mature erythrocytes. 

The nuclear particles observed by us in erythrocyte precursors would 
seem to be analogous to those which have been previously noted in the 
nuclei of other cells.???* These particles have some morphologic similari- 
ties to ribosomes but have less tendency to form polysome-like struc- 
tures. The finding that erythrocyte nuclear particles have peroxidase 
activity similar to that of cytoplasmic ribosomes is of interest since 
Hammell and Bessman have demonstrated hemoglobin synthesis in 
nuclear preparations of avian erythrocytes.” Similarly, Orlic ?* has dem- 
onstrated Fe incorporation in the nuclei of mouse spleen erythroblasts 
using electron microscopic autoradiography. Some authors have felt 
that nuclear hemoglobin resulted from the flow of this material from 
the cytoplasm, where it was synthesized, to the nucleus by means 
of the nuclear pores.'*'? The most primitive erythroid cells we observed 
contained nuclear particles as well as cytoplasmic, polysome-associated 
peroxidase activity. Primitive cells containing only cytoplasmic or 
nuclear activity were not identified. We therefore have no morphologic 
evidence for a flow of particles or of hemoglobin between nucleus and 
cytoplasm. Indeed, the nuclear particles and hemoglobin observed 
could have resulted from the generalized mixing of nuclear and cyto- 
plasmic elements at the time of cell division. 

The nature of the particle associated peroxidase activity in develop- 
ing erythrocytes was not established with certainty. Ribosome or 
microsome-bound peroxidases have been described in plant and ani- 
mal tissues.?^?* Glutathione peroxidase does occur in erythrocytes but 
this enzyme has been shown to be devoid of activity at pH 6.0 2 and 
therefore probably did not contribute to our results. Neither particulate 
nor diffuse activity was inhibited by aminotriazole at any stage of 
erythrocyte development. Since this compound is a known inhibitor of 
the catalases isolated from several organs and species, including the 
human erythrocyte, it seems unlikely that either activity observed in 
our studies could be attributed to catalase.*° A variety of other enzyme 
inhibitors were likewise unable to distinguish between diffuse and par- 
ticle associated peroxidase activity, possibly suggesting that both 
reflect the activity of the same protein; namely, hemoglobin. However, 
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hemoglobin is not known to be bound to ribosomes in significant 
quantities.*' ^ Current biochemical opinion * holds that the a chains of 
globin are released from polysomes as soon as they are synthesized 
and combine with newly completed fj chains still attached to ribosomes. 
Subsequently, it is thought, af subunits are freed into the cytoplasm 
and only then combine with heme which is synthesized independently 
by cytoplasmic and mitochondrial enzymes. Finally, the aß subunits 
with attached heme join to form the tetrad of asp» hemoglobin. Only a 
small amount of Fe becomes associated with rabbit reticulocyte poly- 
somes in vitro and this is not released by puromycin whereas nascent 
chains of globin are completely released. Moreover, well washed rabbit 
reticulocyte ribosomes that have been passed through a sucrose density 
gradient do not possess peroxidase activity in our hands.** Therefore, 
whatever the nature of the particle associated peroxidase activity, it 
would seem to be loosely bound to ribosomes. Possibly this activity 
represents newly synthesized hemoglobin whose assembly was com- 
pleted either on or immediately adjacent to nuclear particles and 
cytoplasmic ribosomes. Further work will be required to settle this 
question. 

Endogenous peroxidase activity in ribosomes has also been reported 
in salivary gland acinar cells and in epithelial cells of the large 
intestine. In salivary gland cells which synthesize a peroxidase for 
secretion, Strum and Karnovsky noted that focal clusters of ribosomes 
were peroxidase positive. While this staining was thought to reflect 
newly synthesized enzyme, the possibility was also considered that 
enzyme was released from adjacent peroxidase-containing organelles 
and became nonspecifically bound to ribosomes. The irregular and 
focal ribosomal staining noted in eosinophils in our material is likewise 
subject to either interpretation. However, differentiating erythrocytes 
lack peroxidase containing organelles other than ribosomes and nuclear 
particles. Further, the particle staining in these cells probably cannot 
be attributed to diffusion from the sites of hemoglobin reaction in the 
nucleus or cytoplasm since particle reactivity appeared in young cells 
before diffuse nuclear or cytoplasmic enzyme activity could be identi- 
fied (Figure 10 and 13). It remains possible that diffuse hemoglobin 
is present at activities below the sensitivity of our methods and 
during fixation and processing becomes bound to ribosomes in concen- 
trations sufficient to be detected. This, however, seems unlikely due 
to the uniformity of ribosomal staining observed. 

Peroxidase staining of ribosomes and nuclear particles was observed 
in guinea pig hemocytoblasts situated in islands of erythropoiesis, and 
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we conclude that these cells are committed to develop in the erythroid 
series—ie, that hemocytoblasts exhibiting particulate peroxidase activity 
are in fact erythroid hemocytoblasts. Support for this inference was 
obtained from study of phenylhydrazine-treated rabbits whose marrow 
showed striking erythroid hyperplasia with numerous immature forms. 
Here the great majority of hemocytoblasts present could safely be 
assumed to be erythroid precursors and were found in fact to possess 
peroxidase-positive particulate material both in their nuclei and cyto- 
plasm. Thus, the presence of particulate peroxidase activity allowed 
identification of erythroid hemocytoblasts at a stage of development 
when they could not otherwise be distinguished from the hemocyto- 
blast precursors of other marrow cell lines. This finding suggests that 
primitive cells, undifferentiated and indistinguishable morphologically 
from the blast cells of the marrow, spleen, or lymph nodes, may in 
fact already be committed to differentiate in a particular cell line. In- 
dependent evidence for this conclusion is found in the cytochemical 
work of Avrameas and Leduc * who localized antibody to horseradish 
peroxidase on the ribosomes of primitive lymphoid cells from lymph 
nodes, thereby demonstrating that another type of blast cell is already 
committed to the synthesis of a specific protein. Taken together, these 
data indicate that not all hemocytoblasts are totipotential but do not ex- 
clude the possibility that some are or that the blasts described by us and 
by Avrameas and Leduc arose from some unrecognized common toti- 
potential precursor. 
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Fig 1—Specimen of guinea pig bone marrow incubated for peroxidase activity. This low 
magnification picture shows negative hemocytoblasts (H). These cells, presumably not of 
the erythroid series, show cytoplasmic ribosomes and nuclear interchromatinic particles that 
are negative for peroxidase activity. Also present are a polymorphonuclear leukocyte (P) 
oe positive granules, three positive erythroblasts (E), and two positive normoblasts (N) 
(x 9000). 





Fig 2—Specimen of guinea pig bone marrow incubated for peroxidase activity. The large 
erythroid hemocytoblast (H) has peroxidase-positive polysomes throughout the cytoplasm. 
The nuclear matrix is filled with positive particles. The adjacent polymorphonuclear leuko- 
cyte (P) has several positive cytoplasmic granules. The basophilic leukocyte (B) has nega- 
tive granules (X 16,000). 


Fig 3—Specimen of guinea pig bone marrow not incubated for peroxidase activity. The 
nuclear matrix of the hemocytoblast (H) has minimal density. In addition, the cytoplasmic 
ribosomes are visible but are of low density when compared with the ribosomes in erythroid 
hemocytoblasts incubated in the medium for peroxidase activity, as seen in Figure 2 
(x 14,000). Fig 4—Specimen of guinea pig bone marrow not incubated for peroxidase 
activity. The erythroblasts (E) are smaller than hemocytoblasts and have more densely con- 
densed nuclear chromatin. Nuclear matrix is minimally dense. Ribosomes have low density 
compared with ribosomes in erythroblasts incubated in medium for peroxidase activity, as 
seen in Figure 5 (x 14,500). 








Fig 5— Specimen of guinea pig bone marrow incubated for peroxi- 
dase activity. In contrast to Figure 4, erythroblasts (E) have in- 
tensely positive particles filling nuclear matrix and positive ribo- 
somes in cytoplasm. Polymorphonuclear leukocyte (P) with positive 
granules and several positive normoblasts (N) also present 
(x 9000). Inset is a higher magnification of positive cytoplasmic 
ribosomes and polysomes in erythroblast cytoplasm (x 29,000). 





Fig 6—Specimen of guinea pig bone marrow incubated for peroxidase activity. This higher 
magnification of normoblast (N) demonstrates diffuse positive staining in the nuclear 
matrix and cytoplasm. Perinuclear cisternae (PNC), Golgi saccules (G) and mitochondria 


(m) are negative. Cytoplasmic vesicle filled with particles of ferritin also present (arrow) 
(x 22,000). 
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Fig 7—Specimen of phenylhydrazine-treated rabbit bone marrow incubated for peroxidase 
activity showing several positive erythroblasts (E), and one positive reticulocyte (R) (x 8000). 
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Fig 8—Specimen of phenylhydrazine-treated rabbit bone marrow, preincubated with amino- 
triazole followed by incubation in complete medium for peroxidase, also contained amino- 
triazole. Numerous positive erythroid hemocytoblasts (H) and erythroblasts (E) are seen. 
A mature red blood cell (RBC) also is positive. This lack of inhibition of reaction product 
formation indicates positive material is not red blood cell catalase (x 8000). 
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Chronic Actinic Keratopathy—A Condition Associated 
with Conjunctival Elastosis (Pingueculae) and Typified 
by Characteristic Extracellular Concretions 


Gordon K. Klintworth, MD, PhD 


Morphologic observations on a peculiar type of corneal reaction with a predis- 
position for the superficial stroma of the interpalpebral portion of the cornea are 
reviewed. Histochemical evidence is provided which indicates that the corneal 
concretions, though not homogenous, are proteinaceous in nature and contain 
amino acids not normally detectable in the cornea. The corneal concretions were 
associated with conjunctival elastosis (pingueculae) in all 22 instances in which 
the eyes were sectioned in the horizontal plane. Identical concretions were identi- 
fied within these associated pingueculae, as well as in a large percentage of other 
pingueculae and cutaneous lesions with actinic elastosis. The findings suggest 
that the abnormal material arises in the pericorneal conjunctival connective tissue 
from whence it diffuses into, and deposits in, the superficial corneal stroma. The 
data also raise the possibility that the concretions may be derived, at least in 
part, from altered elastic tissue. Morphologic and epidemiologic observations on 
the condition taken together strongly suggest that this unique reaction is a sequel 
to the cumulative effect of chronic actinic irradiation. Further observations on 
this keratopathy are needed to establish whether this unique response can be 
provoked by other noxious stimuli (Am J Pathol 67:327—348, 1972). 


NUMEROUS CORNEAL DISEASES are recognized today, due 
largely to meticulous clinical observations that have accumulated since 
the birth of ophthalmologv. Some are characterized by the occurrence 
of opacities with a predisposition for the horizontal meridian in the 
exposed interpalpebral portion of the superficial cornea. In the most 
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What may be the same phenomenon has been described in the literature under a 
variety of terms including hyaline degeneration of the cornea, degeneratio hyaloidea granu- 
liformis corneae, Bietti's nodular dystrophy, nodular hyaline band-shaped degeneration, 
degeneratio sphaerularis elaioides, “the blindness of Dahalach,” tropical corneal dystrophy, 
type II white limbus girdle of Vogt, keratinoid corneal degeneration or keratopathy, 
Labrador keratopathy, nodular band-shaped dystrophy of tropical countries of arid soil, 
and degeneratio primaria oleoguttata centrale et superficiale.!-19 
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common variety, termed band keratopathy, the deposits are calcified 
granules, and the corneal lesions commonly accompany other ocular 
lesions, particularly uveitis, chronic glaucoma and phthisis bulbi. In 
another entity, bilateral, white, greyish or yellow noncalcific opacities 
accumulate in the same location. The latter condition is designated 
chronic actinic keratopathy in the present paper, for reasons which 
will become apparent later. Initially, the deposits concentrate in the 
peripheral cornea and form symmetric bilateral concentric arcs be- 
tween the limbus and the cornea. With time the opacities often con- 
verge towards the center of the cornea, and form a nontransparent 
horizontal band across the entire cornea. The deposits accumulate 
with advancing age, often in the absence of other associated ocular dis- 
ease, and as a rule without clinical features of inflammation. Though the 
latter condition has been observed in inhabitants of several countries, 
it is prevalent, particularly in its severe form, in certain geographic 
areas such as Labrador, Libya, Somali Republic and countries bordering 
the Red Sea.?? 

The present report reviews morphologic observations on the entity 
in patients that had spent all, or most, of their life in the south eastern 
United States. Evidence is provided which strongly suggests that this 
unique reaction may be a sequel to the accumulative effect of chronic 
actinic irradiation. 


Materials and Methods 


Corneal tissue from 35 patients with variable degrees of the keratopathy was 
studied. The material included 6 corneal buttons obtained from penetrating kera- 
toplasty, 4 corneal biopsies, 13 surgically enucleated eyes and 12 eyes obtained 
at autopsy (Table 1). Representative corneal and other ocular tissue, from these 
cases was fixed in 10% buffered formaldehyde (pH 6.8) and embedded in paraffin 
for light microscopy. In one (Case 10), unfixed corneal tissue obtained at a super- 
ficial keratectomy was rapidly frozen to ~20°C and sectioned with a cryostat. 
Control tissue included normal eyes procured at necropsy and enucleation for orbital 
neoplasms. All corneal tissue was sectioned at 7 u perpendicular to the epithelial 
surface and stained by numerous techniques including: hematoxylin and eosin; 
nuclear fast red; connective tissue stains [Masson's trichrome (standard method 
with both solution A and B, as well as with each solution separately), Weigert's 
resorcin-fuchsin, Verhoeff's elastic tissue stain, Wilder's reticulum, Taenzer-Unna 
acid orcein and phosphotungstic acid hematoxylin]; glycosaminoglycans [periodic 
acid-Schiff (PAS), Mowry's modification of Hale's colloidal iron reaction, alcian 
blue]; proteins [diazotisation-coupling, Danielli’s coupled tetrazolium (with and 
without prior blocking with dinitro fluorobenzene, performic acid, and benzyol 
chloride), performic acid-alcian blue, p-dimethylaminobenzaldehyde (DMAB)- 
nitrite, dihydroxy-dinaphthyl disulphide (DDD), thioglycollate-DDD, diazo-re- 
action, post-coupled benzylidene, Sakaguchi, ferric ferricyanide, ninhydrin-Schiff, 
Millon]; lipids [luxol fast blue, Oil red O, Sudan III, osmium tetroxide—naphthyl- 
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Table 1—Summary of Cases Studied 
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Case and 
tissue Associated Associated 
examined Age Sex Race Location Severity pinguecula conditions 
1. Corneal 
button 48 F N CC, PC ++++ ? Cataracts 
2. Corneal 
button 54 M C CC, PC ++++ ? Postsympathetic 
ophthalmitis 
3. Corneal 
button 61 F N cc, PC +++ ? Neonatal keratitis 
4, Corneal 
button 45 M N CC,PC +++ ? Keratoconus 
5. Corneal 
button 43 M N CC,PC +++ ? Keratoconus 
6. Corneal 
button aa. F N CC,PC +++ ? Congenital corneal 
dystrophy 
7. Corneal 
biopsy 30 F N CC,PC ++++ ? 
8. Corneal 
biopsy 62 M C PC ++ 
9. Corneal 
biopsy 51 M C PC + Basal cell carcinoma nose 
Carcinoma of conjunctiva 
10. Corneal 
biopsy 47 M N CCPC ++ ? Vascularized corneal 
leukoma 
11. Globe 38 F C PC 4J- + 
12. Globe 65 M N PC -+ + 
13. Globe* 32 M N CC +++ ? Glaucoma 
14. Globe 69 F N PC + + Glaucoma, diabetic 
retinopathy 
15. Globe 69 M N PC,SS + T 
16. Globe 52 M N PC -+ + Acute leukemia 
17. Globe 75 M N CC,PC ++++ + Glaucoma (post-traumatic) 
18. Globe* 56 M N CC ++-+--+ ? Chronic buphthalmos 
19. Globe 62 M C PC + + Glaucoma (post-traumatic) 
20. Globe 84 F N PC 4 + 
21. Globe 65 M N PC -+ -+ 
22. Globe* 46 M C CC +++ ? 
23. Globe 765 M C PC + + 
24. Globe 59 M N PC + + 
25. Globe 55 F N PC 4- + Glaucoma, diabetic 
retinopathy 
26. Globe 53 M C PC -+ + Diabetic retinopathy 
27. Globe 50 M C PC + + Diabetic retinopathy 
28. Globe 52 F N PC + + 
29. Globe 6 M C PC + + Glaucoma 
30. Globe 56 M C PC -+ + 
31. Globe ? ? ? PC + + 
32. Globe ? ? ? PC + 4- 
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Table 1—(CONT.) 
Case and 
tissue Associated Associated 
examined Age Sex Race Location Severity pinguecula conditions 
33. Globe 62 M C PC -++ + 
34. Globe 76 M N PC 4 + Glaucoma (chronic open 
angle) 

35. Globe 63 M N PC + 5 

F — Female 

M = Male 

N = Negroid 


C = Caucasoid 
PC = Peripheral interpalpebral cornea 
CC = Central interpalpebral cornea 
SS — Superficial bulbar sclera 
* = Eye sectioned vertically calottes not examined 


amine (OTAN)], nucleic acids [Feulgen, methyl green pyronin]; amyloid [Congo 
red, thioflavin T]; phosphates [Von Kossa]; calcium [alizarin red]; ferric ions 
[Perl’s Prussian blue]; pre-keratin and keratin [hematoxylin-phloxine-alcian blue- 
orange C, hematoxylin-Shorr $3 stain, performic acid-Schiff].3*!5 Unstained sec- 
tions were examined for birefringence under a polarized light, with and without 
a first order interference filter. Unstained tissue sections, as well as those stained 
with the fluorescent dye thioflavin T were mounted in a nonfluorescent mounting 
medium (glycerine or Harleco Fluorescence Mountant, Hartman-Leddon Com- 
pany, Philadelphia, Penn.ylvania) and studied by fluorescence microscopy. Ob- 
servations were made with bright and dark field illumination using both an ultra- 
violet and a blue violet light source and appropriate barrier filters to eliminate the 
excitation radiation. 

The cornea from Case 24 was excised from the globe immediately following 
enucleation. It was sectioned into small pieces and fixed in cold 1% sodium cacody- 
late-buffered osmium tetroxide (pH 7.4) for 1 hour, dehydrated in graded alco- 
hols, infiltrated with propylene oxide and embedded in Epon 812 for electron 
microscopy. Corneal biopsies from two other cases with clinically observed yellow 
deposits (Cases 9 and 10) were processed in an identical manner. A portion of 
the lesion from another patient (Case 2) that had previously been embedded in 
paraffin was excised from the paraffin block, deparafinized, fixed in cold 1% sodium 
cacodylate-buffered osmium tetroxide (pH 7.4), and processed for electron mi- 
croscopy as well. Thick sections (2 mu) were cut with the Sorvall Porter-Blum 
microtome, and stained with thionine-azure blue for orientation.!9 Companion thin 
sections were cut and mounted on 200-mesh copper grids and stained for 6 minutes 
with 4% magnesium uranyl acetate in distilled water, rinsed with distilled water (2 
changes) and then stained for 4 minutes with lead citrate (pH 12) at room tem- 
perature. Electron microscopic observations were made with a RCA EMU-3G 
microscope at 50 kV. 

In view of evidence that basophilic degeneration of the cutis (solar elastosis, 
actinic elastosis), and pingueculae (focal conjunctival elastotic degeneration) are 
both causally related to chronic ultraviolet irradiation, tissue from 50 consecutive 
examples of cutaneous actinic elastosis and 50 pingueculae were examined for con- 
cretions with morphologic and tinctorial attributes similar to those of the kera- 
topathy. 
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Observations 


A. Cornea 


Light microscopy. The superficial corneal stroma in all cases con- 
tained granules and concretions of variable size and shape in the hori- 
zontal meridian (Figures 1-6). In 22 instances in which the periphery 
of the interpalpebral portion of the cornea was available for examina- 
tion, it was involved without exception, and in the mildest cases the 
deposits were limited to the marginal cornea. When the keratopathy 
was more extensive, the deposits were more numerous, as well as 
larger, and extended towards the central cornea sometimes forming a 
horizontal band across the entire cornea. In three instances the entire 
inferior half of the cornea was affected. Bowman's zone was frequently 
involved, but in some instances the abnormal material was extensively 
deep to it (Figure 7), and in corneas with a superficial subepithelial 
pannus, the deposits were often predominantly external to Bowman’s 
zone, 

In unstained preparations the smaller concretions (1 to 3 y in di- 
ameter) were granular and generally of the same color as the sur- 
rounding cornea. The larger globules (10 to 60 u in diameter), which 
were often restricted to the central cornea, frequently manifest a dis- 
tinct vellow hue (Figure 3), and in at least three instances globules 
with this color were evident in the cornea with the slit lamp (Cases 7, 
9, 10). When viewed by fluorescence microscopy the corneal deposits 
frequently manifest a pronounced autofluorescence in unstained tissue 
sections. The fluorescence was greenish-vellow (about 575 my) with 
blue violet exciting radiation, and blue (about 470 my) in ultraviolet 
light (Figure 4). Though the concretions varied in size, shape, and 
in certain staining characteristics there were sufficient morphologic 
gradations between them to suggest a common nature. The deposits 
consistently manifest a marked avidity for the red dyes in Masson's 
trichrome stain (acid fuchsin and Ponceau de xylidine). They also gave 
positive reactions with histochemical techniques that demonstrate pro- 
tein, including those thought to demonstrate amino (ninhydrin—Schiff), 
guanidyl (Sakaguchi reaction), indole ( p-dimethylaminobenzaldehyde 
(DMAB)—nitrite method), and sulfhydryl (Dihydroxy-dinaphthyl 
disulphide (DDD) reaction) groups (Table 2). The concretions, in- 
cluding the yellow ones, failed to stain in unfixed frozen tissue with a 
variety of methods used to demonstrate lipids. Several other staining 
attributes of the concretions varied from case to case, and sometimes 
even within the same cornea. In some cases the abnormal material was 


Table 2—Characteristics of Corneal Deposits 


Method 


Present study Other investigations 
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Unstained Preparations 
Color 


Fluorescence microscopy 


Polarization microscopy 
Tinctorial Reactions 
Proteins 
Reactive Groups 
Amino (eg, lysine, ornithine, 
peptide terminal) 
Ninhydrin-Schiff 


Guanidyl (eg, arginine) 

Sakaguchi reaction 

Danielli's coupled tetrazonium* 
Imidazole (eg, histidine) 

Diazo reaction 

Danielli's coupled tetrazonium* 
Phenyl (eg, tyrosine) 

Danielli’s coupled tetrazonium* 

Millon 


Diazo reaction 
Diazotisation-coupling 
Indole (eg, tryptophan) 
Danielli's coupled tetrazonium* 
p-dimethylaminobenzaldehyde 
(DMAB)-nitrite 
postcoupled benzylidene 
Sulfhydryl (eg, cysteine) 
Dihydroxy-dinaphthyl disulfide 
(DDD) 
Danielli's coupled tetrazonium* 
Tetrazolium 
Ferric ferricyanide 
Disulfide (eg, cystine) 
Performic acid-Schiff 
Performic acid-alcian blue 
Thioglycollate-ferric ferricyanide 
Tetrazolium following reduction 
DDD following reduction 
(thioglycollate-DDD) 
Stains for Basophilic Compounds 
Phosphates 
Von Kossa 
Calcium 
Alizarin red 
Ferric lons 
Perl's iron 


Pale yellow or color- 
less 

Most nonfluorescent, 
but often auto- 
fluorescent (especially 
large globules) 

Not birefringent 


Positive (except large 
globules) 


Positive 
Positive 


Positive [6] 


Negative 
Positive 


Positive 

Some positive, others 
negative 

Negative 

Negative 


Positive +-+-+ [6] 


Positive [6] 
Positive 


Positive 
Positive (blue) 


Positive 
Positive 
Positive 
Negative 


Positive [6] 


Negative 
Negative 
Negative 
Positive 


+or + [6] 
Negative [6] 


Positive Positive [6] 


Negative Negative [6] 
Negative 


Negative 








Table 2.—(CONT.) 


Method 


DNA 
Feulgen 
RNA 
Methyl green pyronin 
Glycosaminoglycans 
Hale's colloidal iron-binding 
method 


Periodic acid-Schiff 
Alcian blue (pH 2.5) 
Lipids 
Unsaturated Lipids 
Sudan black B 
Triglycerides 
Oil red O 
Sudan Ill 
Phospholipids 
Luxol fast blue (copper 
phthalocyanine) 


Osmium tetroxide-naphthylamine 

(OTAN) 
Pre-keratin + Keratin 

Hematoxylin-phloxine-alcian blue- 
orange G 

Hematoxylin-Shorr S3 

Performic acid-Schiff 

Cationic Dyes 
Nuclear fast red 

Stains for Amyloid 
Congo red 
Thioflavin T 

Miscellaneous Stains 
Hematoxylin-eosin 


Connective Tissue Stains 
Masson's trichrome 
Solution A: Ponceau Masson 
Solution B: Masson 
(Mallory's) phosphotungstic 
acid hematoxylin 
Wilder's reticulum stain 
(Wilder silver method) 
Elastic Fiber Stains 
Taenzer-Unna acid orcein 
Verhoeff Van Gieson 
(Verhoeff's elastica stain) 
Weigert's Resorcin-Fuchsin 
(Weigert's elastica stain) 
Gomori's aldehyde-fuchsin 


Present study Other investigations 


Negative Negative [6] 


Purple Pink or Green/Pink [6] 


Few positive, most 


negative 
Usually negative Negative [6] 
Negative Negative [6] 
Negative Negative [6] 
Negative Negative [6] 
Negative Positive [21], negative [8] 


Usually negative, 
some globules 
positive 


Negative [6] 


Positive (red-brown) [6] 


Positive (orange to 


red) 
Positive 
Negative +or + [6] 
Positive 
Negative Negative [6] 
Negative Negative [6] 


Variable (hematox- — Basophilic, eosinophilic or 
ophilic, eosinophilic, either [6] 
or not stain) 


Red or purple 
Red 

Red 

Purple 


Purple, red/purple [6] 


Black, olive Negative or fine particulate 
or negative [6] 


Negative 

Usually negative, some 
olive or black 

Yellow 


Negative 





* Reaction diminished but not completely blocked by prior treatment with dinitrofluoro- 
benzene, performic acid or benzoyl chloride. 
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predominantly, or entirely intensely, hematoxophilic; in some it was 
eosinophilic; in other corneas individual granules stained variably. The 
small basophilic granules often suggested calcification, but this impres- 
sion was not borne out by histochemical methods for calcium which 
were invariably negative. Inconsistent tinctorial reactions were also 
noted with several stains (including elastic fiber stains, Wilder's re- 
ticulum stain, luxol fast blue, alcian blue, and Hale's colloidal iron- 
binding method and some histochemical methods for protein). Though 
most concretions did not stain with methods used for elastic fibers or 
Wilders reticulum method, some concretions were intensely argyro- 
philic with these techniques (Figure 5). As a rule the abnormal ac- 
cumulates lacked the histochemical attributes of glycosaminoglycans. 
However, in several instances they either stained positively with alcian 
blue and Hale's colloidal iron method, or were intimately surrounded 
by material possessing this property. The larger, and presumably older, 
concretions frequently reacted poorly with stains that usually dis- 
colored those with smaller dimensions. 

In the mildest cases the overlying epithelium was as a rule ostensibly 
unremarkable, though some cases manifest variations in nuclear size, 
atypical epithelial cells, and slight deviations in epithelial differentiation. 
Occasionally the concretions encroached upon the overlying epithelium, 
and sometimes basal epithelial cells surrounded several of them (Figure 
6). Even when numerous concretions were present the epithelium like 
that of the normal cornea was not keratinized. 

Of the 25 globes that were examined, 22 were sectioned horizontally. 
The subepithelial connective tissue of the bulbar conjunctiva in the 
interpalpebral fissure adjacent to the corneal limbus in all of these 
eyes, with corneal concretions, possessed the morphologic characteristics 
of pingueculae (Figure 8). The conjunctival lesions, though commonly 
not appearing to the naked eye as elevated yellow patches, were char- 
acterized by typical connective tissue alterations. These included vari- 
able sized large convoluted fibers that resembled hypertrophic col- 
lagen fibers, but which possessed an affinity for a variety of dyes known 
to stain elastic tissue. These tortuous tangles were insensitive to elastase, 
and though usually limited to the subepithelial connective tissue of the 
bulbar conjunctiva, they were occasionally also evident in the super- 
ficial subconjunctival sclera, but not in the cornea. The tortuous fibers 
frequently intermingled with granules and globules possessing the 
identical morphologic, and tinctorial attributes to those previously de- 
scribed in the contiguous cornea. 

Electron microscopy. When viewed in the transmission electron 
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microscope the concretions were invariably extracellular and electron 
dense (Figures 9 and 10). The concretions were surrounded by intact 
collagen fibers of the usual uniform diameter and periodic cross-stria- 
tional pattern. Most of the overlying corneal epithelium, and adjacent 
stromal cells, were conspicuously unremarkable (Figures 11-13). As 
a rule they did not manifest any of the fine structural attributes of cells 
actively engaged i in phagocytosis, or in the synthesis of macromolecules. 
Their cytoplasm was devoid of material with the morphologic attributes 
of keratohyalin granules, the extracellular concretions, or possible pre- 
cursors of them. Some of the closely related cells exhibited features of 
cellular degeneration, such as intracytoplasmic autophagic vacuoles. 


Pingueculae 


Random tissue sections of 34 of the 50 consecutive pingueculae stud- 
ied contained concretions indistinguishable from those described in 
the keratopathy (Figure 14). In 3 others equivocally similar granules 
were identified. In 2 of 24 investigated globes with pingueculae, identi- 
cal concretions were evident in the conjunctival lesions, but not in the 
cornea. 


Cutaneous solar elastosis 


The essential morphology and staining characteristics of the 50 con- 
secutive examples of basophilic degeneration of the cutis studied was 
as described by others.'**! In common with pingueculae, variable sized 
tortuous fibers were prominent in the altered dermis. These possessed 
an affinity for those dyes known to stain elastic fibers, but also manifest 
numerous additional tinctorial attributes that distinguished them from 
normal elastic or collagen fibers." The fibers were frequently sur- 
rounded by material with the cytochemical attributes of glycosamino- 
glycans. Amorphous homogenous masses that closely resembled the 
corneal concretions existed in the involved areas of cutaneous elastosis 
in 42 of the lesions investigated. (Figure 15) 


Discussion 


Though insufficient tissue for chemical analyses preclude a precise 
identification of the corneal concretions, their tinctorial and cyto- 
chemical attributes provide an indication about certain characteristics. 
As Garner recently pointed out in a study of what is probably the 
identical phenomenon, the cytochemical findings indicate that the ab- 
normal material is probably predominantly proteinaceous with several 
reactive amino acid groups including tyrosine, tryptophan, arginine, and 
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sulphur-containing amino acids. The resemblance of the larger yellow 
globules to oil droplets has led some clinical ophthalmologists to sus- 
pect that the corneal deposits are composed of lipid. This question has 
not been entirely resolved as the literature contains data on relatively 
few cases in which the material was analyzed for lipid. Using histo- 
chemistry conflicting views have been expressed about the lipid con- 
tent. In one case unfixed material was reported to be sudanophilic,? 
while in others there was no evidence of lipid.*^ In the present investi- 
gation the concretions including the yellow ones were insoluble in or- 
ganic solvents and did not possess an affinity for lipid stains, even when 
such techniques were performed on unfixed cryostat frozen tissue. 
Though the avidity of the material for osmic acid in preparation for 
electron microscopy may connote the presence of some lipid, lipid is 
clearly not a major component. 

As Garner indicated the material is probably an insoluble protein 
composed in part of amino acids not normally detected in the corneal 
stroma. Proteins produced by epithelial cells and possessing many di- 
sulphide cross links, and a high content of basic amino acids have been 
designated keratin by some investigators." Viewing the corneal de- 
posits in the light of this all-embracing definition of keratin, Garner? 
was impressed not only by a composition suggestive of a keratin re- 
lated protein, but by several observations that led him to suspect that 
the material might be a product of the corneal epithelium. In the 
corneal tissue which he studied by light microscopy, the deposits were 
in close proximity to the epithelium, and in some instances apparently 
within it. He also noted signs of epithelial disturbance in the form of 
excessive desquamative activity, individual cell keratinization, and epi- 
theliolysis. 

The present study confirms Garner's observation that the corneal 
concretions have many tinctorial attributes of keratin, but several ad- 
ditional observations cast doubt on his interpretation of the data. The 
concretions not only lack the birefringence characteristic of keratin, as 
produced in other locations in man, but were not associated with 
keratinizing cells. In most cases and particularly in the mildest, which 
are presumably also the earliest, the epithelium was ostensibly devoid 
of similar material. Corneal epithelial keratinization was not observed, 
even when the stromal deposits were abundant, and in some instances 
the deposits were a considerable distance from the overlying epithelium. 
Moreover, the cytoplasm of the overlying corneal epithelium of the cases 
studied by electron microscopy lacked keratohyalin granules, as well 
as material with the ultrastructural attributes of the extracellular con- 
cretions. 
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Certain observations raise the possibility that the concretions are not 
synthesized in the cornea, nor formed there by the degradation of 
formed components: morphologic evidence of concretion synthesis by 
either corneal epithelial or stromal cells was not detected; histochemical 
evidence indicates that the concretions contain a high content of amino 
acids not normally detectable in the cornea. It would seem more likely 
that the abnormal corneal deposits are derived from tissue other than 
the cornea. A likely site of their origin can be inferred from observa- 
tions on eyes with variable quantities of them. In the mildest examples 
of the keratopathy, which presumably reflect an early stage in the 
genesis of the condition, the deposits are restricted to the superficial 
peripheral cornea in the interpalpebral fissure. This finding together 
with the observation of the co-existence of corneal lesions with con- 
junctival elastosis containing identical concretions, and the occasional 
detection of the concretions in pingueculae of eyes that do not 
have them in the adjacent cornea, strongly suggests that the abnormal 
material arises in the pericorneal conjunctival connective tissue. One is 
led to suspect that they progressively diffuse into the superficial cornea, 
and precipitate in it over a prolonged period of time, with the larger 
globules forming by the coalescence of minute granules ( Text-figure 1). 
This perception is consistent with clinical observations on individuals 
with variable degrees of keratopathy. Frequently the earliest clinically 
detectable deposits involve only the medial and lateral portions of the 
cornea in the interpalpebral strip, with subsequent progression oc- 
curring by centripetal extension across the cornea. Parenthetically, it 
should be stressed that the peripheral cornea has not been examined 
microscopically in those few instances in which it appeared to be clear 
clinically, and one might suspect that the smaller deposits may be of 
insufficient dimension to be observed with the slit lamp. 

Though relatively few corneal concretions stain positively with dyes 
that demonstrate elastic tissue, the co-existence of the corneal concre- 
tions with conjunctival elastosis poses the question of whether the 
concretions are derived from constituents of the elastotic material. The 
nature of the latter substance is not entirely settled, but it is thought 
to contain derivatives of both collagen and elastic tissue. It is of interest 
that these elastic fibers are not normally present in the cornea. More- 
over, elastic fibers like the elastotic material, and some of the concre- 
tions exhibit a brilliant autofluorescence when viewed by fluorescence 
microscopy.??* Ultrastructural observations of elastic fibers have re- 
vealed two components—a microfibril (110 À in diameter) and an 
amorphous component (elastin). Elastin is markedly insoluble, re- 
sistant to hydrolysis by mild acid and alkali, and demonstrates a selec- 
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Trxr-riG l— The inferred sequence of events in the genesis of the keratopathy is 
depicted schematically. It is postulated that the earliest concretions occur in the exposed 
interpalpebral portion of the pericorneal conjunctival connective tissue (A) and that 
these progressively diffuse into the adjacent cornea where they precipitate in the super- 
ficial cornea ( B). In advanced cases they extend across the entire cornea (C). 


tive susceptibility to elastase digestion, and consists of a unique combi- 
nation of amino acids, including two special amino acids—desmosine 
and its isomer isodesmosine. Though it contains very little cystine, this 
amino acid is present in large quantities in the microfibrillarv protein 
component. 

At present the cause of this unique corneal reaction remains specu- 
lative. It is axiomatic that all tissues, including the cornea possess lim- 
ited responses to noxious stimuli and one would anticipate that this 
reaction could be provoked by several factors. Unlike several other 
corneal diseases in which abnormal materials accumulate in the cornea, 
there is almost no evidence to suggest that the primary defect resides 
in the DNA molecule, and that the lesions are the culmination of a 
genetically controlled chain of biochemical events. Ultraviolet light 
possessing wave lengths of less than 295 my are known to be almost 
entirely absorbed by the cornea, and in short term experiments, single 
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or multiple exposures to ultraviolet light have a detrimental effect on 
the cornea, particularly its epithelium.?'^* Though the keratopathy dis- 
cussed in the present report is clearly different from that produced by 
acute ultraviolet irradiation, several epidemiologic and morphologic ob- 
servations strongly suggest that actinic irradiation over a prolonged 
period of time may be an important cause of it. At least 22 of the 35 
cases had morphologically confirmed evidence of other probable sun 
induced lesions such as pingueculae, and cutaneous basal cell carci- 
nomas of the face.?*?* Five patients in the present series were exposed 
to abundant solar irradiation because of an outdoor occupation ( Cases 
7, 11, 12, 17, 19) and the remainder certainly had the opportunity to 
spend abundant leisure time outdoors in the sun-exposed southeastern 
United States. Though the geographic areas prone to the type of 
keratopathy discussed in the present article differ climatically, abundant 
sunshine is prevalent in them, and their inhabitants have in common 
the potentiality for excessive exposure to radiant energy from the sun. 
The male preponderance can be accounted for, at least in part, by out- 
door occupations that expose individuals to excessive ultraviolet light, 
known to be reflected by sun, desert, and water. A causal relationship 
to the absorption of radiant energy from the sun would also account for 
the predisposition for the exposed portion of the eye in the inter- 
palpebral fissure, and their usual bilaterality. Moreover, as the condition 
is not related to aging alone, its increased incidence with advancing 
years may reflect an increase in time of solar exposure. 

Not only was the keratopathy associated with morphologic evidence 
of conjunctival elastosis ( pingueculae) in the same eve, but concretions 
indistinguishable from those of the keratopathy existed in the associ- 
ated pingueculae. Similar concretions were also identified in a high per- 
centage of other pingueculae, and in the morphologically, and probably 
etiologically analogous actinic elastosis of the skin. In the absence of 
x-irradiation, there is abundant evidence that basophilic degeneration 
of the cutis (solar elastosis, actinic elastosis) is due to prolonged ex- 
posure to sunlight.?5?* It is limited to parts of the body customarily ex- 
posed to solar irradiation, the degree of change is greatest in sites that 
receive the most intense and prolonged exposure to sunlight, and it is 
less evident in heavily pigmented skin. In addition these changes have 
been produced experimentally with ultraviolet light.” 

As the corneal deposits are occasionally unilateral and may accom- 
pany other ocular diseases, it remains an open question whether this 
corneal reaction can be provoked by other stimuli. Nevertheless, almost 
all instances of the keratopathy included in the present study are con- 
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sistent with the hypothesis that they are secondary to exposure to ultra- 
violet light over a prolonged period of time. Associated lesions are vari- 
able and dissimilar, and many are probably coincidental. In some an 
impaired blink reflex protective mechanism may have exposed the eye 
to excessive ultraviolet light and dessication. 

The possibility of the keratopathy being causally related to ultraviolet 
light poses the question of how actinic rays could produce the concre- 
tions. Does the irradiation result in an alteration of preexisting structural 
components of connective tissue, or on the other hand does it provoke 
a cellular synthesis of abnormal extracellular constituents? One of the 
primary effects of ultraviolet light on protein is the cleavage of disulfide 
bonds, and one might wonder whether the apparent increase in histo- 
chemically detectable thiol groups might be due to an effect on non- 
corneal proteins such as those of elastic tissue. 
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Legends for Figures 


Fig 1—Numerous concretions of variable shape and size are shown in the superficial 
corneal stroma (H&E, x 228). 


Fig 2—-A more extensive accumulation of the abnormal material is evident in the 
anterior portion of this cornea from a patient who had an opaque cornea for many 
years (Masson's trichrome stain, x 190). 


Fig 3—The larger deposits are sometimes evident in unstained sections of the cornea 
because of a distinct yellow hue (unstained preparations, x 112). 


Fig 4—Yellow and colorless concretions frequently manifest autofluorescence when 
viewed in ultraviolet or blue violet light (unstained preparation, x 102). 





Fig 5—Though most of the corneal deposits lack an affinity for stains used to demon- 
strate elastic tissue, some do, such as these (Verhoeff-Van Gieson stain, x 100). 


Fig 6—The corneal deposits are frequently in close proximity to the corneal epithelium 
(Masson's trichrome stain, x 200). 


Fig 7—1n some instances the corneal concretions, though in the superficial cornea, 
are distinctly separated from the overlying epithelium (Masson's trichrome stain, 
x 300). 


Fig 8—At the limbus corneae of eyes containing corneal concretions, tangles of argy- 
rophilic fibers can be demonstrated in the horizontal plane using stains that demon- 
strate elastic fibers (Verhoeff-Van Gieson, X 152). 
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Fig 9—Numerous irregularly shaped electron-dense deposits are interspersed between the 
haphazardly arranged collagen fibers in Bowman's zone of this affected cornea (X 24,000). 
Fig 10—The extracellular deposits are markedly electron dense and are often surrounded 
by delicate microfibrils (X 44,500). 
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Fig 11—The corneal epithelium adjacent to the deposits lacks electron-dense material 
(x 17,000). 

Fig 12—The overlying corneal epithelium is usually unremarkable. Significant negative 
features include the lack of intracellular electron-dense material resembling the concretions 
and the absence of morphologic evidence of synthetic activity. (X 16,500). 
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Fig 13—Like the corneal epithelium, shown in Fig 12, the corneal fibroblasts (keratocytes) 
usually show no significant abnormality, even when adjacent to extracellular concretions 
(x 43,000). Fig 14—Concretions, such as these, which closely resemble those of the 
cornea in morphology and staining characteristics were observed in the conjunctival elastosis 
of eyes with the keratopathy and in numerous other pingueculae (Masson's trichrome, 
x 100). Fig 15—Aside from the cornea and conjunctiva, similar concretions were identi- 
fied in numerous examples of cutaneous actinic elastosis (Masson’s trichrome, x 470). 
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Inhibition of Macrophage Response to Brain Injury 


A New Effect of Pertussis Vaccine Possibly Related to 
H istamine-Sensitizing Factor 


Seymour Levine, MD and Richard Sowinski, BS 


Intravenous injection of pertussis vaccine inhibited the outpouring of macrophages 
into a zone of thermal coagulation necrosis in the brain. The inhibition of this 
cellular reaction to injury was observed in rats and mice, and was especially 
notable in gerbils. It was not due to nonspecific stress or to endotoxin. A relation- 
ship of this new activity to pertussis vaccine's histamine-sensitizing factor was 
suggested by the use of partially purified extracts and heat-inactivated vaccines. 
There was a close parallel between the effects of pertussis vaccine on brain macro- 
phages. and on the spleen (Am J Pathol 67:349-360, 1972). 


PERTUSSIS VACCINE has numerous and diverse effects on rats 
and mice. It causes leukocytosis and increased susceptibility to hista- 
mine and serotonin and to induction of autoimmune diseases.? While 
studying the latter effects of pertussis vaccine, we noted impairment of 
the macrophage response to brain injury. Our data indicate that this 
new phenomenon is not caused by nonspecific stress or endotoxin, but 
may be related to histamine-sensitizing factor (HSF), a unique, bio- 
logically active constituent of Bordetella pertussis organisms. 


Materials and Methods 


Rats, 170 to 350 g in weight, were of Wistar (Hemlock Farms), Lewis, Fischer 
344 or LxBN strains ( Microbiological Associates). Mongolian gerbils, 60 to 70 g in 
weight were from Tumblebrook Farms, Brant Lake, NY. Swiss-Webster mice, 22 
to 35 g weight, were from Hemlock Hollow Farms. All animals were male and were 
maintained on Purina Laboratory Chow and tap water ad libitum. Under ether 
anesthesia, a large thermal brain injury was produced through the intact skull after 
the skull was exposed by a midline scalp incision.? A preheated 37% watt pyramid- 
tip electric soldering iron was applied for 7 seconds with moderate pressure to the 
rat calvaria behind the bregma and to the right of the midline. A smaller, flat tip, 
~e inch chisel type, was applied for 5 seconds to gerbils and 3 seconds to mice. 

Pertussis vaccine was a formalin-killed merthiolate-preserved concentrate that 
contained about 2 x 10!! organisms/ml. It was injected into the dorsal penile vein, 
usually 0.05 ml/100g in rats, 0.05 ml per gerbil and 0.025 ml per mouse. 
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The animals were killed 3 or occasionally 4 days after brain injury by exsangui- 
nation under ether anesthesia. The skull was unroofed, and the brain fixed in situ 


after was 1% NaCl. 


Results 


As previously reported,’ the burn caused a large zone of coagulation 
necrosis in cerebral cortex and subjacent structures. Three days after the 
injury, rats had abundant macrophages and some capillaries in the ne- 
crotic zone (Figure 1). Macrophages had eccentric nuclei and abundant 
cytoplasm filled with vacuoles and periodic acid-Schiff-positive material. 
They were most numerous just beneath the pia mater at the edge of 
the lesion, but others were distributed irregularly along the remainder 
of the perimeter. Macrophages were more numerous at later times, 
but alterations in number were more easily detected at 3 days. 

Intravenous injection of pertussis vaccine immediately after burning 
the brain of rats caused a notable decrease in the number of phago- 
cytes detected 3 days later ( Table 1). The inhibition was detected most 
readily where macrophages were most numerous, that is, at the junc- 
tion of the pia and the perimeter of the lesion. In this area, there was 
a reduction to X, % or less of the normal numbers (Figure 2). Cell 
counts were not attempted because of the large number of macrophages 
and because of their irregular distribution. Although evaluation was 
subjective, it was always possible to identify pertussis-treated rats by 
reading randomized slides "blind." 

Subcutaneous injection of the same dose of pertussis vaccine had 
no inhibitory effect. Also, this route is known to be ineffective for the 
production of other pertussis effects.’ 

Intravenous pertussis vaccine is known to be stressful and to cause 
liberation of adrenal steroids,^* and steroids are known to interfere 
with macrophage accumulation.’ However, there was an undiminished 
inhibitory effect when pertussis vaccine was injected intravenously into 
adrenalectomized rats (Table 1). Because intravenous pertussis vaccine 
is often lethal to adrenalectomized animals, these rats were protected 
with one or two small doses of dexamethasone (5y/100g) intraperi- 
toneally. Neither adrenalectomy nor the small amount of adrenocorti- 
coid, of themselves, influenced the macrophage response to brain injury. 
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Table 1—Inhibition of Rat Brain Macrophages by Pertussis Vaccine is not Due to Stress or 
Endotoxin 








Inhibition 
Pretreatment Inhibitor (IV)* of macrophagest 

Adrenalectomy] Pertussis 8/8 

56^-pertussis | 6/6 

80°-pertussis | 0/6 

E coli endotoxin 0/3 

Saline 0/7 
None Pertussis 17/17 

56^—-pertussis 2/2 

80?-pertussis 0/6 

E coli endotoxin 0/5 

Saline or none 0/14 





* Composite of 6 experiments. All endotoxin and some pertussis injections given on day 
of thermal injury; all others 1 day earlier. 

t Numerator, number with marked reduction of brain macrophages 3 days after thermal 
injury. Denominator, total number of rats. 

t A small amount of dexa methasone (5y/100g, intraperitoneally, on day before and/or day 
of thermal injury) was given to all adrenalectomized rats to reduce mortality. It did not 
affect brain macrophages. 

|| Heated 30 minutes at 56°C (destroys heat-labile toxin but not HSF) or 80°C (destroys 
HSF but not endotoxin). 


Therefore, the undiminished effect of pertussis vaccine in adrenalec- 
tomized dexamethasone-treated rats excluded the possibility of an ad- 
renal-mediated mechanism. 

Pertussis organisms are gram-negative bacilli and contain endotoxin. 
The possibility that the inhibitory phenomenon was caused by endo- 
toxin was excluded in several ways (Table 1). Many endotoxin effects 
are transient and are dissipated in 1 day.* Nevertheless, pertussis vaccine 
inhibited brain macrophages when given 1 day before thermal injury 
(Table 1) or even 4 days before (3 rats not included in Table 1). Fur- 
thermore, 0.2 mg purified endotoxin from E coli 026:B6 (Difco) injected 
intravenously on the day of thermal injury had no inhibitory effect. Most 
important, the inhibitory effect of pertussis vaccine was destroyed by 
heating the vaccine to 80? for 30 minutes, while endotoxin is known 
to be heat stable. Parenthetically, inhibition persisted despite heating 
the vaccine to 56°C for 30 minutes, which eliminates pertussis heat- 
labile toxin as a factor in these experiments. 

These thermal resistance data correspond to the well-known char- 
acteristics of HSF.” Through the kindness of Dr. J. Munoz, we ob- 
tained specimens of partially purified HSF.” Each proved to be capable 
of inhibiting brain macrophages after intravenous injection. Titration 
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of these materials (Table 2) did not show a verv high specific activity 
compared to whole cell vaccines, a fact which may be due to their 
relatively insoluble nature.’ The most potent product was fully effective 
at the lowest dose tested (25y/rat), but the supply was exhausted be- 
fore this relatively high specific activity could be confirmed. It should 
be noted that these preparations are not likely to contain endotoxin’ and, 
as an added precaution, they were injected 1 day before the thermal 
injury. 


Inhibition in Other Rodents 


It was of particular interest to compare the new inhibitory phenome- 
non in rats and mice because both species are responsive to other per- 
tussis effects, but normal mice have less macrophage response to thermal 
injury than rats.? In fact, the paucity of response in mice made it difficult 
to detect inhibition. Nevertheless, a reasonably consistent, albeit small, 
inhibition was observed in 3 different experiments and 3 different strains 
of mice. Only one "false positive" and four "false negative" readings 
were made among the 39 mice of Table 3. Therefore, the inhibition by 
pertussis was not restricted to the exuberant macrophage reaction of 
rats. 

Gerbils have a macrophage response only slightly less than that of 


Table 2—Partially Purified HSF Inhibits Rat Brain Macrophages 





Inhibition 
Inhibitor Dose/rat* of macrophages 

MgSO, precipitated 0.4 mg 4/4 
HSF 0.1 2/4 
0.025 0/4 

1M NaCl extract of 0.4 3/3 
MgSO, precipitate 0.1 5/5 
0.025 0/5 

0.006 0/5 

1M NaCl extract of 0.4 1/1 
MgSO; precipitate 0.1 1/1 
0.025 3/3 

Vaccine concentrate 1 0.1ml 4/4 
0.025 1/3 

0.006 0/3 

Vaccine concentrate 2 0.1 5/5 
0.025 2/5 

0.006 0/5 





* These doses were chosen because 0.1 mi of the vaccine concentrates contain approx- 
mately 0.4 mg dry weight of pertussis organisms. This permits a rough comparison be- 
tween vaccine and HSF. All injections 1 day before thermal injury by IV route. Composite 
results of three experiments. 
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rats.? The inhibition of gerbil macrophages bv pertussis was particularly 
striking. This nearly total inhibition suggested that this species may be 
of great value for further investigation. Endotoxin was not responsible 
for the results in gerbils and mice because all injections were done 
1 day before thermal injury, and because there was no inhibition from 
vaccine that had been heated to 80°C to destroy HSF (Table 3). 


Attempted Reversal of Pertussis Effect 


In an effort to overcome the inhibition of brain macrophages, 4 Lewis 
rats were given normal spleen cells within 3 hours after inflicting the 
thermal brain injury and 24 hours after intravenous injection of per- 
tussis vaccine. The spleen cells were prepared by mincing and sieving 
3 normal Lewis spleens for each recipient, and washing three times in 
saline. The recipient rats were killed 3 davs later. However, their brain 
macrophage response was inhibited to the same degree as 3 control 
rats that were similarly treated except for saline in place of spleen cells. 

This failure might be due to a residual effect of pertussis organisms 
on the transfused spleen cells. In an effort to provide a more con- 
tinuous supply of macrophage progenitors, eight pairs of Lewis rats 
were united in parabiosis." Two weeks later, the left partners, as well 
as normal control animals, were given pertussis vaccine or saline 
intravenously. On the next day, thermal brain injuries were induced in 
both partners of all pairs and in controls. Before sacrifice 3 days later, 
the presence of a cross-circulation was proven by intravenous injection 
of 5ml 0.5%, trypan blue into the right partner and observing coloration 
of the left partner. Histological examination revealed abundant brain 
macrophages in normal controls, in both partners of saline inoculated 


Table 3—Pertussis Vaccine Inhibits Brain Macrophages in Mice and Gerbils 





Inhibition 
Animal Inhibitor (IV) of macrophages* 
BSVS mice Pertussis 5/5 
None 1/6 
BRVR mice Pertussis 3/5 
None 0/ 
Swiss-Webster mice Pertussis 6/8 
80°--pertussis* 0/3 
Saline 0/6 
Gerbils Pertussis 11/11 
80°—pertussis 0/2 
Saline 0/7 





* As in Table 1. All injections 1 day before thermal injury; composite results of three 
experiments 
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parabionts, and in the uninoculated right partner of pertussis injected 
parabionts. This last observation midicaled that parabiotic cross-circula- 
tion did not carry sufficient pertussis organisms from the inoculated left 
partner to inhibit the macrophage response of the right partner. The 
pertussis-inoculated left partner exhibited the expected inhibition of 
macrophage response; however, the degree of inhibition was not as 
great as that observed in the nor ema controls. This could be interpreted 
as a partial reversal of the pertussis effect by macrophages or their 
progenitors derived from the right partner. However, it is possible that 
the attenuation of inhibition in the left partner was caused by loss of 
pertussis vaccine through the cross-circulation, even though the amount 
transferred was not sufficient to inhibit the macrophages of the right 
partner. Therefore, the parabiotic data only suggest but do not prove 
that the pertussis inhibition can be reversed by normal hematogenous 
cells. 


Effects of Pertussis Vaccine on the Spleen 

In rats, intravenous pertussis vaccine caused marked hyperplasia of 
the red pulp with blurring of the normally clear demarcation from the 
perifollicular sheath. Depletion of small lymphocytes in the Malphigian 
corpuscles was observed, and sometimes incr eased extramedullary hema- 
topoiesis and neutrophils in the red pulp. It was of particular interest 
that these same splenic changes were observed after partially purified 
HSF was administered, and the degree of hyperplasia of red pulp was 
proportional to the dose of HSF. The spleen was altered in a similar 
manner after the whole vaccine had been injected unheated or heated 
to 56°C into intact or adrenalectomized rats. On the other hand, these 
changes were not detected after injection of vaccine heated to 80°C, 
in intact or in adrenalectomized rats, or after subcutaneous injection 
of unheated vaccine. In all respects, then, splenic changes paralleled 
the inhibition of brain macrophages. 

Similar changes in the spleen were seen in mice and gerbils, but 
were less prominent and consistent in the former and much more ex- 
tensive in the latter. These observations, also, were in close accord 
with inhibition of brain macrophages. 

Changes in the spleen caused by pertussis vaccine have been recorded 
by others,*!'? but we have not found previous data in the literature that 
establishes the close relationship between splenic changes and HSF, their 
independence of the adrenal gland and the variable degree to which 
they occur in other rodents. 


AM 
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Discussion 

The data clearly exclude endotoxin and adrenal-mediated nonspecific 
stress effects from the pathogenesis of the pertussis inhibition of brain 
macrophages. Nevertheless, there is no doubt that injections of adrenal 
steroid or transplants of an ACTH-secreting pituitary tumor can inhibit 
macrophage accumulation around brain wounds." In addition to 
steroids, cytotoxic and antimitotic drugs could be expected to inhibit the 
macrophage response. We tested cyclophosphamide (125mg/kg intra- 
peritoneally) and triethylenemelamine (1 mg/kg intravenously) on 
the day of thermal injury or one day before. Both agents reduced the 
number of macrophages observed 3 days after injury, often to a greater 
degree than pertussis vaccine. However, the devastation of bone marrow 
and spleen by the cytotoxic drugs indicated an entirely different 
mechanism. 

The fact that an inhibitory effect on brain macrophages can be 
achieved by steroids or cytotoxic drugs does not diminish the great 
interest in establishing the mechanism of the pertussis effect. There is 
no definite relation of this new phenomenon to the heterogeneous group 
of encephalopathies that follow pertussis infection or vaccination in 
children; however, one might speculate on potential harmful effects 
of a lack of brain macrophages or of macrophage products (interferon, 
complement components, lysosomal enzymes). Nor is there any obvious 
relation to pertussis effects on animals, most of which involve an in- 
crease or enhancement of one or another parameter: antibody titers, 
enzyme levels, white blood cell counts, anaphylaxis, autoimmune dis- 
eases, etc. Indeed, the suppressive effect described herein might seem 
paradoxical. However, inhibitory effects of pertussis or its fractions have 
been reported on occasion: antibody production in one instance'* and 
slight reduction of passive cutaneous anaphylaxis. Because brain 
macrophages are probably derived from the reticuloendothelial system, 
it is particularly pertinent to note a reduction in a detoxifying function 
of this system reported to be caused by pertussis vaccine.’ This func- 
tional deficiency might be related to the prominent effects of pertussis 
on the spleen described above, which paralleled so closely the inhibition 
of brain macrophages. Although our data on heat lability and on par- 
tially purified extracts suggest that HSF was the active component of 
pertussis vaccine, we are unable to make correlations with HSF effects 
that involve histamine, serotonin or beta-adrenergic receptors.'? How- 
ever, Morse and Barron’ and Iwasa et al’ have shown that pertussis 
vaccine interferes with emigration of lymphocytes from the blood. The 
present results could be explained if a similar inhibition of migration 
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affects the progenitors of brain macrophages ( presumably blood mono- 
cytes,? but possibly a subclass of blood lymphocytes, as well”). 
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Figures 1 and 2 are photomicrographs of the dorsolateral margin of 3-day-old thermal 
injuries of rat brain. Pia mater on top, intact cerebral cortex with neurons and vessels 
on the extreme left; necrotic zone on the right (periodic acid-Schiff-hematoxlin, 
x 150). 


Fig 1——Control, treated with saline 1 day before thermal injury. There are numerous 
macrophages filling junctional zone between necrotic tissue and viable cortex. The 
same result was obtained after injection of pertussis vaccine provided it had been 
heated sufficiently to destroy HSF. 


Fig 2—Inhibitory effect of injection of pertussis vaccine 1 day before thermal injury. 
Far fewer macrophages have accumulated in the junctional zone. The same result 
was obtained after injection of partially purified HSF. 
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Ultrastructural Characteristics of the 
"Hairy Cells" of Leukemic Reticuloendotheliosis 


1. Katayama, MD, C. Y. Li, MD and L. T. Yam, MD 


The pathognomonic neoplastic reticulum cells, or “hairy cells” of leukemic 
reticuloendotheliosis from 6 patients were studied with the electron microscope. 
These cells demonstrated characteristic ultrastructural features which were dis- 
tinctly different from those of lymphocytes, monocytes, or histiocytes. In 3 patients 
a distinctive ribosome-lamella complex was found. The biologic significance of this 
unusual cytoplasmic inclusion is still unknown. Its frequent presence in leukemic 
reticuloendotheliosis and its rarity in other neoplastic diseases suggest a substantial 
yet unexplained relationship between this complex and leukemic reticuloendothe- 
liosis (Am J. Pathol 67:361—370, 1972). 


Levuxemic reticuloendotheliosis ( LRE) is a disease char- 
acterized by chronic course, anemia, frequent leukopenia, massive 
splenomegaly and the presence of neoplastic reticulum cells (hairy 
cells) in the peripheral blood and bone marrow. Its recognition as a 
hematologic and pathologic entity was advanced by the recent demon- 
stration of tartrate resistant acid phosphatase isoenzyme in the neo- 
plastic reticulum cells of this disease from blood smears! and frozen 
sections of the tumor tissues? The pathognomonic cells have a 
distinctive appearance by the Wright-Giemsa stain (Figure 1, inset) 
or by phase contrast microscopy. Namely, they have a fine chromatin 
network, distinct nuclear membrane and serrated or “hairy” cytoplasmic 
border.** This cytologic characteristic has not been clearly born out by 
previous electron microscopic studies.** In the present study, the 
ultrastructure of the neoplastic reticulum cell was observed in both 
blood and tumor tissue. The cell thus recognized showed a characteristic 
assortment of organelles, hairy villi and frequent ribosome-lamella 
complex. This particular cytoplasmic inclusion so far had been described 
only in one case of human tumor.* 
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Materials and Methods 


Six patients with LRE were the subject of this electron microscopic investiga- 
tion. The diagnosis in all cases had been established by hematologic, cytochemical 
and biochemical examination. Eight specimens, including five peripheral blood 
samples, two spleens and one marrow were studied. The neoplastic reticulum 
cells in these specimens ranged from 17 to 91% (Table 1). Blood from a patient 
with chronic lymphocytic leukemia and 5 healthy volunteers as well as a normal 
spleen removed at surgery were used as controls. 

All specimens were fixed in 3% glutaraldehyde in 0.1M cacodylate buffer at 
pH 7.4 containing 1 drop of 1% CaCl; per 10 ml fixative, at 4C for 2 hours. 
Blood was processed as a solidified disc of the buffy coat.? After fixation the spec- 
imens were washed and then stored at 4C in 0.2M sucrose solution in 0.1M 
cacodylate buffer (pH 7.4). 

The specimens were post-fixed by 1.3% osmium tetroxide in 0.67M collidine 
buffer at pH 7.4 with 7.5% sucrose and 1 drop of 1% CaCl per 10 ml fixative 
at 4C for 1 hour. This was followed by dehydration in graded ethanols, embed- 
ding in Epon 812 and sectioning on an LKB Ultrotome III. Thick sections were 
stained with toluidine blue and examined by light microscopy. Thin sections 
were stained with uranyl acetate and lead citrate and examined with a Phillips 
300 electron microscope. 


Results 


All blood specimens (cases 1, 2, 3, 5 and 6) and bone marrow aspirate 
(Case 1) showed a mononuclear cell type with distinct ultrastructural 
features (Figures 1-4). Most characteristic were long cytoplasmic 
villi measuring up to 4 u in length. The cells contained numerous 
vesicles, multiple oval mitochondria, rough surfaced endoplasmic 
reticulum, free ribosomes, Golgi apparatus, frequent centrioles, and 
occasional fine fibrils. The incidence of cells with this electron micro- 
scopic characteristic was directly proportional to the percentage of 
hairy cells seen by light microscopy (Table 1). In addition, 5 to 25% 
of neoplastic reticulum cells from Cases 1, 2 and 3 showed a cyto- 


Table 1—Some Hematologic Data and Resume of Electron Microscopic Findings in Study 
Subjects 








Light microscope Electron microscope 
Hairy cell Ribosome-lamella 
Subject Specimen Leukocyte % Hairy cell complex 
MM Blood 6.400 60 1+ 1+ 
Bone marrow — 7 2+ i+ 
HN Blood 26.900 89 2+ 1+ 
JP Blood 11.900 82 2+ 2+ 
Spleen (4.000g) -— 91 (imprint) 3+ 3-- 
HA Spleen (1.000g) = 75 (imprint) 2+ 0 
JD Blood 40.000 60 24- 0 


HH Blood 12.700 17 1+ 0 
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plasmic ribosome-lamella complex, which was composed of a central 
hollow space communicating with the surrounding cytoplasm and an 
outer sheath consisting of multiple parallel lamellae and ribosomes 
( Figure 6 and Table 1). 

Sections of the spleen from Cases 3 and 4 showed proliferation of 
the neoplastic reticulum cells which almost completely replaced the 
normal cellular elements of the spleen (Figure 5). Here the long 
cytoplasmic villi of these mononuclear cells tended to interdigitate. 
The villi also frequently encircled or engulfed platelets and erythrocytes. 
Occasionally a bundle of collagen fibrils was introduced deep into 
the cytoplasm with contiguous plasma membrane envelope around it, 
a phenomenon observed in murine reticulum cell sarcoma.’ The ribo- 
some-lamella complex was seen frequently in tumor cells of Case 3, 
but none in Case 4. Definite evidence of erythrophagocytosis was seen 
only in one cell within a sinusoid after extended search of multiple thin 
sections. This cell contained one degenerate erythrocyte and multiple 
ribosome-lamella complexes, but it did not exhibit the characteristic 
long cytoplasmic villi (Figure 7). 

In view of the large size of the ribosome-lamella complex, a light 
microscopic search for a corresponding structure was made. Granules 
and rods were observed on Wright-Giemsa stained smears and tolui- 
dine blue stained thick sections. The only cytoplasmic structure in the 
neoplastic reticulum cell that may simulate them was azurophilic 
granule. Their size, shape, location and incidence correlated well with 
those of the ribosome-lamella complex in all except Case 5. Case 5 
showed granules and rods on light microscopy of thick sections, 
while electron microscopy of thin sections showed no unequivocal 
ribosome-lamella complex though there were frequent intracytoplasmic 
loci suggestive of distorted or altered ribosome-lamella complex. Con- 
trol specimens showed neither hairy cell nor ribosome-lamella complex 
electron microscopically. 


Discussion 


The fine structure of the neoplastic reticulum cell had been studied 
by three groups of investigators previously. In a classic review on a 
series of 26 cases, Bouroncle et al * illustrated an electron photomicro- 
graph of a cell with irregular pseudopods similar to cell processes of 
monocyte."' Others * considered the hairy cell to be a lymphocyte be- 
cause of its ultrastructural similarity and its ability to synthesize 
immunoglobulin. In another study * the hairy cell was observed to have 
endocytotic organelles similar to Langerhans cell granules and was con- 


364 KATAYAMA ET AL American Journal 
of Pathology 


sidered a histiocyte. Two studies were based on the circulating blood 
cells of a single case;*" there was little elaboration on the electron 
microscopy in the review." None could correlate the ultrastructure 
with the light microscopic features of hairy cells as far as the long 
cytoplasmic projections were concerned. In the absence of such a specific 
marker, one could not be certain if a cell under the electron micro- 
scope did actually represent a hairy cell. 

In the present study, the neoplastic reticulum cells were studied 
in the spleen and bone marrow as well as the blood of six patients with 
LRE, and the number of cells with the typical electron microscopic 
features was found to be proportional to the number of hairy cells 
as seen by light or phase microscopy (Table 1). These cells were 
characterized by long cytoplasmic villi and frequent ribosome-lamella 
complexes. There was no difference in the fine structure of the neoplastic 
reticulum cell whether it was seen circulating in the blood (Fig 1-4) 
or fixed in the spleen (Figure 5). The cell maintained the morphologic 
features described under the phase contrast microscope, for example, 
numerous mitochondria observed by Mitus et al? and the cytoplasmic 
projection coined "hair" by Schrek et al.* 

It was not feasible at this time to trace the origin of the neoplastic 
reticulum cell of LRE or classify it as lymphocyte, monocyte or histio- 
cyte (reticulum cell). According to some criteria," the neoplastic 
reticulum cell has too many large mitochondria and rough surfaced 
endoplasmic reticulum and too little phagocytic activity to be a histio- 
cyte, while for it to be a monocyte there are too few electron dense 
granules (cytosomes). Moreover, as compared with the multiple long 
slender villi of neoplastic reticulum cell, the pseudopods of monocyte 
are fewer in number and have a broad base with tapering end. On the 
other hand, there is a rather striking resemblance between the neo- 
plastic reticulum cell and intermediate type lymphocyte.'? The neoplas- 
tic reticulum cell, however, has villi as long as 4u, less clumping of 
ribosomes, frequent ribosome-lamella complex, and "resting" nuclear 
features; the intermediate lymphocyte in contrast has shorter villi 
(0.1-0.3 u )* frequent clumping of ribosomes, "active" nuclear morphol- 
ogy in form of prominent nucleolus and reduced heterochromatin to 
euchromatin ratio," and no ribosome-lamella complex. 

In adrenocortical adenoma cells of a patient with Cushing's syndrome. 
Hoshino * found a cytoplasmic inclusion which he called polysome- 
lamellae complex. Other somewhat similar structures were reported in 
animals !'*!* and vinblastine treated human leukocytes." All patients 
included in this study had not been treated with chemotherapy when 
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the specimens were obtained for study. The structure observed in our 
material appears identical with the polysome-lamellae complex of 
Hoshino. It is different from other cytoplasmic inclusions in being a 
centrally hollow cylindrical structure, and it has not been encountered 
in large series of lymphomas and leukemias.!'*7* Auer bodies in leukemia 
are electron microscopically homogeneous or laminated crystalline 
structures '° from which the ribosome-lamella complex is readily dis- 
tinguishable, although both structures may appear similar on the light 
microcsopic level. So far as we know the adrenal adenoma reported by 
Hoshino and the cases of LRE reported here are the only instances 
of human neoplasms known to have this complex. 

The biologic significance of the ribosome-lamella complex and other 
related structures is still unknown. Most observers 5:155 propose a role 
in protein synthesis, and some ?* postulate a product of aberrant viral 
replication. In this series of eight specimens from 6 LRE patients, the 
complex was found in five specimens of 3 cases. Its high incidence 
in LRE and its rarity in other neoplasms appear to indicate a substantial 
yet unexplained relationship between the ribosome-lamella complex 
and leukemic reticuloendotheliosis, somewhat analogous to that between 
Auer bodies and myelogenous leukemia. 


Addenum 


After this manuscript was completed, an ultrastructural study on one 
patient with LRE was published by Sidney Trubowitz, MD, et al ( Blood 
38:288-298, 1971), who demonstrated long cytoplasmic villi in the 
neoplastic reticulum cells. 
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Fig 1—Neoplastic reticulum cell in blood with long cytoplasmic projections. There are 
multiple ribosome-lamella complexes (arrows) in the cytoplasm (x 10,000). %Inset—Light 
photomicrograph of a hairy cell from a blood smear (Wright-Giemsa stain, x 1300). 

Fig 2—Neoplastic reticulum cell in blood with a longitudinal profile of ribosome-lamella 
complex (arrows) (x 9400). 












Fig 3—Another neoplas- 
tic reticulum cell in 
blood with  ribosome- 
lamella complex  (ar- 
rows). In this section, 
the ratio of nucleus to 
cytoplasm is markedly 
increased (X 10,000). 


Fig 4—Neoplastic reticulum cell in blood with the characteristic assortment of organ- 
elles enabling its recognition as such, though there is no ribosome-lamella complex 


(x 9700). 





Fig 5—Spleen involved by LRE with proliferation of “hairy” tumor cells. Note multiple 
ribosome-lamella complexes, interdigitation of cytoplasmic villi and ensheathing of plate- 
lets and collagen fibers by the tumor cells (x 16,000). 





Fig 6—Ribosome-lamella complexes of neoplastic reticulum cell in the spleen. The 
complex is demonstrated in its cross, oblique and longitudinal sections (x 20,000). 
Fig 7—A cell with ribosome-lamella complexes but no long villi in a splenic sinusoid, 
in which a degenerative erythrocyte is being phagosytosed (x 10,000). 


The Significance of Bronchial Atrophy 


John C. Maisel, MD, G. Wayne Silvers, BA, Marlyce S. George, 
HT (ASCP), Gladys A. Dart, BA, Thomas L. Petty, MD and 
Roger S. Mitchell, MD 


In a 4-year period, 196 lungs from patients with and without chronic obstructive 
pulmonary disease were examined postmortem for the presence of atrophy in 
segmental and subsegmental bronchi. As a result of simultaneous postmortem 
spirometry, cinefluorobronchography and partitioning of airways resistance, plus 
later assessment of anatomic emphysema, bronchial atrophy emerges as only one 
of at least three factors usually cooperating in production of abnormal expiratory 
airway collapse. In selected cases, bronchial atrophy appears to be an important 
contributor to expiratory airways obstruction (Am J Pathol 67:371-386, 1972). 


ATROPHY OF BRONCHIAL CARTILAGE and other wall compo- 
nents was first reported 15 years ago by Kiener et al! in 2 brothers with 
nonallergic expiratory wheezing. At bronchoscopy and during expira- 
tion, they were found to have excessive dynamic airways compression 
which later was attributed to the bronchial atrophy found at autopsy. 
Despite this dramatic introduction, however, the concept that atrophy 
of bronchial wall structures could lead to significant airways obstruction 
has lain dormant. A decade ago, Wright ? noted at autopsy an association 
of atrophic airways and anatomic emphysema in the lungs of 20 pa- 
tients with chronic airways obstruction. The ectatic and thin-walled 
medium-sized bronchi (in which cartilage, smooth muscle and fibrous 
connective tissue were notably deficient?) were predicted to undergo 
expiratory collapse in situ,’ but no direct studies were made of the pul- 
monary mechanics. Likewise, excessive dynamic expiratory airways 
compression was noted on fluorobronchography in the airways of pa- 
tients with chronic airways obstruction, and this expiratory collapse 
was interpreted by Macklem et al *? as a major obstruction to expiratory 
How. A structural defect in the wall was postulated as the best explana- 
tion for these findings, but anatomic studies were not made. 
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Petty et al * at this time noted the association between dynamic ex- 
piratory airway collapse and the clinically assessed impairment in pa- 
tients with chronic airways obstruction; reduction in the one-second 
forced expiratory volume and grade of anatomic emphysema were more 
severe in cases exhibiting early dynamic expiratory airway collapse. 
Maisel et al* studied excised lungs, utilizing the dynamic structural- 
functional correlation intrinsic to postmortem cinefluorobronchography 
performed during spirometry, followed by dissection of marked airways. 
Their findings fulfilled the expectation that collapsing airwavs were 
atrophic, but with two reservations: excessive bronchial compression 
was found to occur only in lungs with atrophic first, second or third 
generation segmental bronchi, and the co-presence of anatomic emphy- 
sema was apparently needed for early collapse to occur. Atrophy and 
emphysema occurred independently of each other, however. The time 
in expiration at which collapse occurred appeared roughly related to 
both the degree of obstruction and the severity of emphysema. More 
recently, Silvers et al ** extended the model of airway collapse to in- 
clude airway resistance. 

We reevaluate here the significance of bronchial atrophy in chronic 
airways obstruction. The morphologic abnormalities found at the sites 
of excessive dynamic airways compression in subsegmental bronchi are 
interpreted in the light of the associated functional studies of post- 
mortem lungs and of measurements of peripheral and central expiratory 
airway resistance in these excised lungs. Bronchial atrophy emerges as 
only one variable in the production of dynamic compression. 


Materials and Methods 


Our methods of general study have been detailed.*!? Lungs were obtained from 
autopsies performed at the University of Colorado Medical Center, which serves 
the Colorado General, Denver Veterans Administration and National Jewish Hos- 
pitals. A specimen was chosen for these studies if the clinical diagnosis of chronic 
airways obstruction (chronic bronchitis and emphysema) (and lack of other evi- 
dent respiratory disease) was made during life and confirmed by postmortem 
review of the clinical record.!9.1? Static pressure-volume curves were constructed 
on stepwise deflation. For spirometry, the lungs were suspended in an artificial 
thorax, by the largest glass cannula which would fit into the mainstem bronchus, 
and ventilated at 15 cycles/sec and pressure DE. reproducing the forced ex- 
piratory volume in one second (FEV,) maneuver in life. The values obtained were 
compared with the predicted FEV, values, according to height and age. For 
bronchography, approximately 2 ml of dry Micropaque powder was blown into 
the mainstem bronchus, sufficient to visualize airways down to 2 mm in diameter. 
The fluorobronchogram was recorded at 60 frames/sec by a 35-mm cinefluorogra- 
phv camera, simultaneously with the oscilloscope image of the tracing of stem 
bronchial flow, lung volume and artificial thorax pressure. 

Collapse is defined as the abnormalities of airway movements during expiration 


Vol. 67, No. 2 BRONCHIAL ATROPHY 373 
May 1972 


of diseased lungs 8-9? which may be distinguished from normal expiratory tapering. 
Collapsing airways narrow abruptly rather than gradually; they do so within the 
first 0.75 second rather than after 1 second, and this narrowing progresses to the 
point of complete closure centrally with lumens still patent peripherally, sug- 
gesting air trapping. Collapse occurs centrally, rather than peripherally, being 
found primarily in second and third generation segmental bronchi and occasion- 
ally in first order segmental or lobar bronchi. It varies in time of onset in different 
affected bronchi but in most cases, more than one airwav is involved. The elapsed 
time of expiration at which abnormal dynamic expiratory bronchial collapse oc- 
curred was recorded as the frame number in the cinebronchogram. The earlier 
collapse occurred, the higher the grade of severity (see footnote to Table 1). 

When the physiologic study was completed, all lungs were inflated through 
the mainstem bronchus to a pressure of +20 cm of water with 1.8% (iso-osmolar) 
neutral buffered gluteraldehyde. Fixation pressure was maintained for 1 week 
using a modified aquarium "bubble pump" to recycle liquid that leaked out of the 
lung. After this, the lungs were sliced in the sagittal plane and slices impregnated 
with barium sulfate.!5 Severity and extent of emphysema was graded first in four 
categories and then by our adaptation of the rank-ordered method I of Thurlbeck 
et al? scoring life-sized photographs of the whole lung slices instead of paper- 
mounted Gough sections. We used a grading panel previously standardized 
against the panel published by Thurlbeck.!! Emphysema was typed as absent, 
trace, focal, irregular, mixed, mainly centriacinar, mainly panacinar or endstage. 
Transverse bronchial sections were taken from the mainstem, lobar, and origin 
of the segmental bronchi; these were stained with hematoxylin and eosin and 
assessment of chronic bronchitis was determined by the mucus gland/bronchial 
wall ratio (Reid Index)!? for mucus gland hyperplasia. A marker catheter was 
followed into the collapse zone and serial blocks taken of the abnormal airway, or, 
in other cases, all basal segmental bronchi were isolated for at least three branch- 
ings, and these were serially blocked and embedded. Transverse sections of seg- 
mental and sub-segmental airways were stained with the Verhoef-van Gieson 
method. Assessment that bronchial atrophy was "definitely" present was made 
subjectively, utilizing the relative loss of cartilage, smooth muscle, glands, con- 
nective tissue, fibrosis of blood vessels, and flattening of epithelium noted by 
Wright? and by Wright and Stuart.? Cases in which 2 observers could not agree, 
or in which 1 observer could not reproduce his own reading, were scored as 
questionable. In addition, in one sub-set, atrophy was quantitated by planimetry of 


Table 1—Association of Collapse and Postmortem FEV, 





FEV,, Percent of predicted* 








Collapse m MM Total No. 
gradet 0-25 26-50 51-75 75-100 101-125 126— of cases 
0 1 10 18 15 10 7 61 
1+ 3 4 12 4 3 0 26 
2+ 19 18 18 1 0 0 56 
3+ 32 16 2 0 0 0 50 
Total 55 48 50 20 13 7 193 





* Postmortem measurement. Predictions according to age-height nomogram of Kory 
et al (Am J Med 30:243, 1961). 

t 3+, collapse within 0-15 frames; 2+-, 16-30 frames; 14+, 31-45 frames; 0, none in 120 
frames (60 frames in cinefluorobronchogram = 1 second of expiration). 
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10X enlarged projected images, utilizing the ratio of wall area to total cross-sec- 
tional area. In a second sub-set of cases, a "point count" grid !? was used to de- 
termine percentages of the cross-sectional area occupied by each component. 


Results 


In the combined autopsy service of the University of Colorado Medi- 
cal Center, 2687 autopsies were performed during the years 1967 
through 1970. Of these, 262 were selected for special postmortem studies 
in the Webb-Waring Lung Institute, and were chosen for a history of 
chronic obstructive pulmonary disease or as "controls" within the same 
age group lacking COPD or other evident respiratorv disease. Of those 
selected, 196 received a complete evaluation, that is, in addition to 
assessments of morphology, we were able to measure postmortem FEV, 
and perform cinefluorobronchograms. In these 196 cases, bronchial 
atrophy was unequivocally present in the sub-segmental branches of 
138 cases, questionable in 30 and absent in 28. The range of values 
found by "point counting" for cartilage percent of the total wall area 
was within the 1 range of values found by Dunnill et al ® for segmental 
bronchi of "normal" persons. An illustration of bronchial atrophy is 
shown in Figure 1. 

The cases studied were mostly men over age 40 and do not represent 
a random study of the autopsy “population any more than the autopsy 
population is a ‘random sample of our hospitals’ population or the popu- 
lation at large. Within this limitation, we did not find an association 
of the questionable or definite presence of bronchial atrophy with 
the sex or smoking history (pack-years) of the patients. Neither the 
presence nor severity of bronchial atrophy showed a statistically signifi- 
cant association with the clinical assessment of obstructive disease, 
with low values of the postmortem FEV,, or with the time in expiration 
at which bronchial collapse occurred. 

The relationship of bronchial atrophy to patients’ ages is shown in 
Text-figure 1; cases are separated according to presence (upper half) 
or absence (lower half) of anatomic emphysema. The bias of our 
sample for older ages is apparent in the cases with emphysema. The 
larger portion of the cases with bronchial atrophy was observed among 
older persons, and in persons over age 50 there was a higher ratio of 
atrophy cases to total cases, although the difference is not statistically 
significant. It is unclear whether this difference is an effect of age per se 
or of emphysema bias. Text-figure 2 illustrates the lack of association be- 
tween the presence of bronchial atrophy and anatomic emphysema 
whether by grade (upper half) or type (lower half); the two lesions 
coexisted no more often than expected by chance. In cases within the 
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Trxt-FiG 1—Relationship of bronchial atrophy and age of patients, shown separately 
for cases with emphysema present and coded for type (upper half), and without emphy- 
sema evident on gross examination (lower half). For explanation of emphysema type, see 
text and refs 12 and 16. 


two sub-sets in which atrophy was quantitated, the severity of atrophy 
as assessed by planimetry or point counting was not related to emphy- 
sema grade. We did find that most cases with increased Reid Index 
also had emphysema; Text-figure 3 portrays this together with the lack 
of relationship between bronchial atrophy and Reid Index shown sepa- 
rately for cases with (upper half) and without (lower half) anatomic 
emphysema. 

Expiratory collapse of medium-sized bronchi was the lesion directing 
our attention to atrophy (see Methods for description of collapse). 
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Text-ric 2— Relationship of bronchial atrophy and emphysema, shown separately for 
emphysema severity (upper half), and emphysema type coded for collapse grade (lower 
half). For explanation of emphysema grade, see text and refs 12 and 16; for emphysema 
type, see legend to Fig 1; for collapse grade, see text, footnote to Table 1, and refs 7-9. 


Collapse was found to be associated with the degree of loss of the 
expected FEV, postmortem, as indicated in Table 1. A similar associa- 
tion of collapse grade and emphysema severity is shown in Table 2. 
However, correlation coefficients were low (0.66 or less) when regres- 
sion analysis was made between the time at which expiratory collapse 
occurred and the postmortem FEV, value, or expiratory collapse time 
and emphysema grade. A significant association of collapse grade and 
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clinical assessment of obstructive disease severity was found, as shown 
in Table 3; this confirms the experience of Mitchell et al.“ The value 
of early dynamic expiratory bronchial collapse as an indicator of more 
severe obstructive impairment is thus supported in general but the 
specific or quantitative relationship is inexact, since early collapse does 
not correlate well with marked loss of FEV,. Likewise, the lesion pro- 
ducing early collapse is not readiy identified by these data; in particular, 
collapse timing is not a straightforward function of emphysema, nor is 
it significantly associated with bronchial pathology. 

An interpretation of the role of bronchial atrophy in the airway 
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Text-Fic 3—Relationship of bronchial atrophy and bronchial mucus gland hyper- 
plasia, shown separately for emphysema present coded for type (upper half) and emphy- 
sema not evident (lower half). Atrophy was scored in the lower lobe segmental bronchi 
and their branches; see text for explanation of categories. Mucus gland hyperplasia was 
scored in the mainstem, lobar and innominate bronchi as the gland/wall ratio (Reid 
index, ref 18); the maximum value is used here. 
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Table 2—Association of Collapse and Emphysema 


Emphysema, Relative Severity* 
Collapse ——7—75—7—-—-—77-7—7—7—7—-—-—"—-—"—7—" — —— ——— Total No. 


gradef 0 1-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-100 of cases 
cUm NH PAP EDE SML NAMUR ND GNU NEUE UD QNNM COMM RUP NM dU 


0 23 20 7 3 2 1 1 3 0 1 0 61 

1+ 7 6 4 4 0 2 1 0 1 1 2 28 

e+ 14 4 2 3 6 4 13 8 3 3 7 57 

3+ 3 3 1 1 1 3 6 8 8 12 4 50 

M MM M MÀ a ene ee 
Total 47 33 14 11 9 10 11 19 12 17 13 196 


* Cases rank-ordered at intervals of 1095, —see refs 16, 17 and text for details. 
1 See Table 1. 


collapse phenomenon may be made by considering this paradox: atrophy 
is usually present when collapse occurs, but is as frequently present 
without collapse, and when atrophy is present the extent as scored by 
planimetry or point counting does not correlate with collapse severity. 
Such data suggest that other factors must contribute to the collapse 
phenomenon. For example, an atrophic segmental bronchus might not 
collapse if sufficiently guyed, as by intact parenchyma. A first attempt 
to construct a multiplex variable model of collapse is shown in Table 4. 
This analysis, first made for the two variables and 38 cases in 1968," is 
confirmed now for 196 cases, and additional observations are made. 
As before, the cases lacking collapse tend to be those with no lesion 
or a single anatomic lesion, whereas cases with early collapse tend to 
be cases in which both anatomic emphysema and bronchial atrophy 
are definitely co-present. However, in contrast to the earlier experience, 
we now have many cases with both emphysema and atrophy present, 
but lacking collapse, and many cases in which moderate or severe 


Table 3—Association of Collapse and Clinical Evaluation 


Clinical assessment* 





Collapse m MM Total No. 
gradet 0 14- 24- 34- of cases 
Fre ae e TU S P m Sea IU ARP nese DUAL E TTD ORE RERO 
0 54 3 2 2 61 
1+ 18 4 3 3 28 
2+ 17 10 12 18 57 
3+ 4 4 4 38 50 
SACs a uL DU ie ce nes E oe es le tte a Eros 
Total 93 21 21 61 196 


* 0, no signs or symptoms; 1+, signs and/or symptoms, no disability; 2+, disability but 
died of other causes; 3--, disability and died of chronic airways obstruction (see ref 13 for 
related causes of death). 

t See Table 1. 
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Table 4—Association of Collapse and Morphologic Findings 


Collapse Gradet 











-—  — rr Total No. 
Anatomic diagnosis 0 1+ 2+ 3+ of cases 
Neither emphysema nor 

bronchial atrophy evident 7 1 3 0 1i 
Emphysema alone, 

3% or more 9 4 1 3 17 
Questionable atrophy alone 5 0 3 1 9 
Definite atrophy alone 11 6 8 à 2l 
Questionable atrophy plus 

emphysema, 3% or more 10 4 4 3 21 
Definite atrophy plus 

emphysema, 3% or more 19 13 38 41 111 

Total 61 28 57 50 196 
f See Table 1. 


collapse occurs in cases exhibiting either emphysema without atrophy, 
atrophy without emphysema, or even no lesion. In those cases with 
atrophy present, moreover, we could not show that the severity of 
collapse correlated with emphysema severity. This strongly suggests 
that still more factors, not assessed morphologically, must operate in 
the production of collapse. 


Discussion 


It should surprise no one that the dynamic consequences of structural 
change would contribute to expiratory airway obstruction, even if we 
cannot quantitatively relate these changes in static morphology to dy- 
namic measurement. In particular, compliance of lung parenchyma 
might increase before gross or histologic observations detected changes, 
and radial traction * support of intraparenchymal bronchi might de- 
crease. 

Elsewhere ** we have presented an analysis of the mechanisms of 
collapse based on partitioning of airways resistance," and have impli- 
cated a moderate increase in peripheral airways resistance as a third 
component interacting in most cases with both bronchial atrophy and 
anatomic emphysema. Yet we have several cases with normal peripheral 
resistance in which collapse seems dependent on both bronchial atrophy 
and anatomic emphysema, On the other hand, in one case markedly 
elevated peripheral resistance seemed solely responsible for the pro- 
duction of dynamic expiratory compression of medium-sized bronchi 
which were histologically normal and surrounded by parenchyma 
judged to be structurally normal in gross and microscopic examination. 
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The occurrence of bronchial atrophy in our patients is seemingly 
independent of the other parameters definable, whether demographic 
or anatomic. We interpret our data as showing a lack of clear relation- 
ship between bronchial atrophy and emphysema; this opinion requires 
explanation, in view of the literature. First Restrepo and Heard,” 
Dunnill et al? Greenberg et al,” and Takizawa and Thurlbeck * found 
no relationship between emphysema presence or severity, and measure- 
ments of cartilage in segmental or larger bronchi. In contrast, Wright,” 
Wright and Stuart,” Maisel et al,‘ and Tandon and Campbell * all found 
atrophy of cartilage in the sub-segmental bronchi (or higher-ordered 
branches of segmental bronchi) in lungs with emphysema present. 
Branching or da of the bronchi examined evidently determines whether 
one finds atrophy of cartilage. (One must also not overinterpret the 
lesser amounts of bronchial cartilage found in the fifth or higher branch- 
ing orders, as Hayward and Reid * i pointed out the rather abrupt transi- 
tion of cartilage amount and distribution found at this level in normal 
lungs.) We noted (in Figures 2 and 3) the clear bias among our patient 
sample both for older ages and presence of more than trivial emphy- 
sema. The apparent association with emphysema (Figure 2) is not 
borne out quantitatively (Figure 3) and may be as much one with age 
in these patients although the effect of age is not apparent in cases with 
atrophy but lacking emphysema. The presence of emphysema may 
represent, in part, accelerated aging. Our sample of cases lacks an ade- 
quate number of older persons without emphysema; we cannot settle 
the issue. 

The only known observations on causes of atrophy of bronchial carti- 
lage are those of the Silberbergs," who related it to the early and pre- 
dominant regressions seen in articular cartilage and associated with 
age, race and hormonal effects; the cellular and matrix changes were 
described: We have no knowledge of the role of racial or hormonal 
factors in our patients. All we can offer on the cause of this atrophy 
is to suggest that it could result at least in part from the "wear and 
tear" of an increased transmural pressure at a critical point in the 
bronchial tree. Why the subsegmental bronchi seem critical to collapse 
deserves comment. Whereas bronchial atrophy seems to begin more 
peripherally and progress centrally both in our cases and in those of 
Wright,” the segmental bronchi are the last order, moving centrally, to 
be tightly invested by pulmonary parenchyma.”* This feature is double- 
edged: radial traction support is supplied in the normal lung *?' but 
alveolar pressure is also brought to bear. In the diseased lung, alveolar 
pressure remains even if the parenchyma no longer provides adequate 
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radial traction. Alveolar pressure must be considered in the effective 
transmural pressure across the bronchial wall during expiration.?**? 
Collapse occurs when transmural pressure exceeds the bronchial wall 
strength. Since the more central or downstream the airway, the greater 
the transmural pressure durin g expiration,” the segmental level is where 
collapse would first appear (in the absence of parenchymal support) 
whenever bronchial atrophy sets in. A second cause of atrophy could 
be degeneration following the inflammatory aftermath of mucus 
plugging; this could explain some of the sharp localizations we have 
observed with airways proximal and distal to the collapse segment ap- 
pearing grossly and histologically normal.’ 


Summary and Conclusions 


The significance of bronchial atrophy in chronic airways obstruction 
is not apparent until one studies the sub-segmental or medium-sized 
bronchial branches identified by bronchography and also takes into 
account the coexistence of anatomic emphysema; although the two 
lesions appear to occur together in our patients no more frequently 
than expected by chance, when they do coexist, the dynamic expiratory 
collapse phenomenon is more likely to be present and to occur earlier 
during expiration; likewise the limitation of expiratory flow is apt to be 
more severe, accounting for the significant association of the collapse 
phenomenon with the clinical assessment of airways obstruction severity. 
Our mechanistic analysis *? has demonstrated the multifactorial nature 
of the collapse phenomenon. Bronchial atrophy may be thought of as a 
permissive phenomenon, and emphysema, operating as loss of radial 
traction" (or other disturbances), may be likened to a regulator. 
Peripheral resistance usually interacts with these as a third variable 
but may contribute independently of atrophy or emphysema to collapse 
of medium airways. It is significant that collapse is associated in time 
and place with a significant increase in the central component of airways 
resistance.*” Central resistance remains high for the remainder of ex- 
piration after collapse; it is against this increased central resistance that 
the bulk of the expirable volume must be expelled, however small that 
volume may be in the obstructed patient. Thus, although we have little 
understanding of why atrophy occurs in medium-sized bronchi, it is 
clear that in many cases it contributes significantly to expiratory air- 
way collapse. In particular, the number of these cases in our experience 
is sufficient for us to suggest that segmental bronchial atrophy may 
account for some of those cases in which the severity of obstruction is 
disproportional to the severity of parenchymal destruction (anatomic 
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emphysema) or chronic bronchitis (mucous gland hyperplasia). In 
general, atrophy emerges as another variable in the increasingly com- 
plex equation of chronic airways obstruction. 
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Fig 1—Sections stained with Verhoef—van Gieson stained sections. .A— Second generation 
bronchus, antero-medial basal segment, 2 mm internal diemeter, exhibiting preserved 
bronchial wall elements (original x 10). Man, age 58, clinically not obstructed; postmortem 
FEV, 104% of predicted; no collapse in cinebronchogram; anatomic diagnoses: trace em- 
physema, Reid index 55%.  B— Second generation bronchus, lateral basal segment, 3 mm 
internal diameter, exhibiting definite atrophy of cartilage, smooth muscle and collagen 
(original x 10). C——Detail of B (original x 120). D--—Second generation bronchus, 
posterior basal segment, 3 mm internal diameter, also exhibiting definite atrophy (original 
X 10). E—Detail of D (original x 120). Man, age 80; clinically not obstructed; post- 
mortem FEV,, 137% of predicted, 1+ collapse in cinebronchogram; anatomic diagnoses: 
focal emphysema, but large bronchi normal. 
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Experimental Cerebral Atherosclerosis in the Dog 
I. A Morphologic Study 


Minoru Suzuki, MD, DSc 


Prolonged feeding with an atherogenic diet can induce occlusive disease of the 
intracranial arteries and cerebral infarction in dogs. The morphologic findings 
suggest that separation of the internal elastic lamina from the endothelial base- 
ment membrane is a consistent change and probably an initiating mechanism in 
the pathogenesis of atherosclerosis of the cerebral arteries (Am J Pathol 67:387— 
402, 1972). 


ALTHOUGH ATHEROSCLEROSIS can be produced readily in the 
extracranial major arteries by dietary means in various mammals, ar- 
teries of the central nervous system are resistant to the induction of 
lesions. There have been experimental studies dealing with occlusive 
atherosclerotic lesions of the cerebral arteries.*? The purpose of this 
report is to present morphologic lesions of the intracranial arteries pro- 
duced by diet in dogs as a model of cerebral atherosclerosis. 


Materials and Methods 


Three mongrel dogs, weighing 10 to 15 kg, approximately 1 year old, were 
housed. in air-conditioned animal quarters and fed an equal mixture of commercial 
canned horse meat and semisynthetic test diet. Each animal was given 250 g of the 
mixed ration per day, Monday through Saturday. The test diet contained saturated 
animal fat (butter), cholesterol, cholic acid and propylthiouracil as atherogenic 
ingredients, supplemented with sucrose, casein, minerals and vitamins ( Table 1). 
The addition of horsemeat equal to the quantity of the test diet was necessary to 
maintain general physical condition of the animals in this chronic experiment. Two 
dogs were killed at 48 and 1 at 55 months of feeding, respectively, by intravenous 
injection of sodium pentobarbital. The brain was removed quickly and immersed 
in neutral 10€ formalin after small blocks from the middle cerebral arteries had 
been obtained and fixed in buffered 5% glutaraldehyde for electron microscopy. In 
addition to the examination of the brain, a complete autopsy was performed on 
each dog. The formalin-fixed brains were cut coronally, and sections of the internal 
carotid, anterior, middle and posterior cerebral, basilar and cerebellar arteries 
were obtained for histologic examination. The histologic sections of the intra- 
cranial arteries were cut 6 u thick and stained with hematoxylin-eosin, aldehvde 
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Table 1—Test Diet* 
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Percent 

Ingredients (weight) 
Butter 40.0 
Cholesterol 5.0 
Sodium cholate 2.0 
Propyithiouracil 0.3 
Sucrose 20.5 
Casein 20.0 
Salt mix 4.0 
Vitamin mix 2.0 
Choline chloride 0.2 
Nonnutritional bulk 6.0 
Total 100.0 





* One hundred twenty-five grams of the test diet was mixed with 125 g of canned horse 
meat (Hill's) to make 1-day ration for each dog. 


fuchsin van Gieson, Masson's trichrome, periodic acid Schiff, colloidal iron and 
Alcian blue stains. The petrous and cavernous segments of the internal carotid 
arteries were removed with the temporal bones, fixed in Heidenhain's susa fluid, 
decalcified by 5% trichloroacetic acid solution, embedded in paraffin, sectioned 20 u 
thick, and stained with hematoxylin-eosin. The specimens for electron microscopy 
were postfixed in buffered 1% osmium tetroxide, dehydrated with a graded series 
of ethanol and propylene oxide and embedded in epoxy resin. Sections 1 y thick, 
from the resin-embedded blocks, were stained with 0.2% basic fuchsin ethanol solu- 
tion, after oxidation in 2% periodic acid solution, and counterstained in methylene 
blue. Thin sections for electron microscopy were doubly stained with uranyl ace- 
tate and lead citrate. 

Three mongrel dogs of approximately the same age and size were fed 1800 
per day of a commercial dog chow (Purina) Monday through Friday, and 900 g 
per day on Saturdays and Sundays. The chow contained (by weight) 27% crude 
protein and 9% crude fat. These control dogs were maintained for the same period 
and killed at the same time as the test dogs. Their cerebral arteries were examined 
in the manner described above. 

Blood specimens obtained at autopsy were analyzed for serum levels of major 
lipid fractions by the following methods: Total and esterified cholesterol was ex- 
tracted with 1:1 ethanolethyl acetate treated with Al (OH), to remove inter- 
ferring bilirubin and the color reaction developed by ferric chloride-sulfuric acid 
solution.5 Phospholipids were extracted 2:1 chloroform-methanol, the dry residue 
digested with perchloric acid and the color developed by ammonium molybdate." 
Triglycerides were extracted with chloroform, treated with doucil to remove 
phospholipids, hydrolyzed by alcoholic KOH and the color developed by chromo- 
tropic acid. 


Results 
Intracranial Arteries 


Gross Findings. The brains of the 3 test dogs revealed moderate 
to severe degrees of atherosclerosis. The arteries were characterized by 
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tortuosity and thickening of the walls, and arteriosclerotic changes in- 
volved the internal carotid- anterior and middle cerebral and the ver- 
tebral-basilar arteries ( Figures 1 and 2). Although vascular lesions were 
extensive, segmental portions in each artery were spared. The severity 
of the lesions among the test dogs was variable. The caudate nucleus 
of 1 test animal revealed a cystic lesion, 3 mm in diameter. The intra- 
cranial arteries of control dogs were not remarkable grossly. 

Histologic Findings. Cross sections of intracranial arteries of test dogs 
showed marked destruction and thickening of the arterial wall, fre- 
quently causing eccentric narrowing of the lumen (Figure 3). Arterial 
lesions contained lipid-laden macrophages, cholesterol crystal clefts 
and myointimal cells, appearing as fibroblasts and smooth muscle cells 
(Figure 4). The disruption of internal elastic lamina was common. One- 
micron-thick sections prepared from the glutaraldehyde- and osmium- 
fixed and the epoxy resin-embedded blocks of middle cerebral ar teries, 
stained with basic fuchsin after oxidation in periodic acid, showed a 
distinct but weakly stained basement membrane under the endothelium 
and a strongly fuchsinophilic internal elastic lamina separate from the 
endothelial basement membrane. Thickening of the intima was largely 
attributed to the accumulation of smooth muscle cells and thin, strongly 
fuchsinophilic, apparently newly formed elastic laminas bétweon the 
endothelial basement membrane and the internal elastic lamina 
(Figure 5). In contrast with the staining reaction on resin-embedded 
tissue, arterial sections prepared from formalin-fixed and paraffin- 
embedded blocks and stained by the periodic acid Schiff (PAS) method 
showed a strongly positive endothelial basement membrane and a nega- 
tivelv stained internal elastic lamina. Between the endothelial basement 
membrane and the internal elastic lamina was a PAS-positive substance 
(Figure 6). Apparently associated with the formation of immature 
elastic tissue, colloidal iron- and Alcian blue-stained sections showed 
acid mucopolysaccharide accumulation in the intima (Figure 7). Lipid- 
laden leukocytes were frequently found in the arterial lumen. The above 
histologic lesions were noted in all major cerebral arteries of test dogs 
but in different degrees of severity. Small arteries and arterioles of the 
brains were normal. The intraosseous segments of the internal carotid 
arteries frequently revealed severe occlusive lesions; an aneurysmal 
dilatation due to destruction of the media was noted in 1 test animal 
( Figure 8). The cystic lesion described grossly in the caudate nucleus 
of 1 dog consisted of plump phagocytes (gitter cells) and gliosis similar 
to those seen in human cerebral infarct ( Figure 9). 

The cerebral arteries of control dogs revealed a strongly PAS-positive 
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layer of basement membrane between the endothelium and the internal 
elastic lamina, and there was no evidence of separation of the internal 
elastic lamina from the endothelial basement membrane (Figure 10). 

Electron Microscopic Findings. The middle cerebral arteries of the 
test dogs revealed a distinct basement membrane under the endo- 
thelium, separation of the internal elastic lamina from the basement 
membrane and the accumulation of smooth muscle and lipid-laden cells 
as well as collagen in the thickened intima (Figures 11 and 12). Leuko- 
cytes containing lipids in the cytoplasm were found occasionally within 
the arterial lumen, and some of them appeared to cling to the intimal 
endothelial cells (Figure 13). Between the endothelial basement mem- 
brane and the interna] elastic lamina were electron-dense amorphous 
layers corresponding to the thin, fuchsinophilic laminas of the 1-4 thick 
sections (Figures 5 and 14). These electron-dense layers were fre- 
quently contiguous with both the endothelial basement membrane and 
the internal elastic lamina, and they partitioned smooth muscle cells in 
the widened intima. Extracellular vacuoles consistent with lipid were 
also noted in the intima. Intracytoplasmic laminated structure similar 
to that described in atherosclerotic lesion of human aorta ® was found 
in some smooth muscle cells (Figure 15). 

The middle cerebral arteries of the control dogs revealed a distinct 
basement membrane under the endothelium that was similar to that 
seen in the test dogs but contiguous with the internal elastic lamina, 
with electron- dees substance between the two layers; there was no 
evidence of separation of the internal elastic lamina from the basement 
membrane. This electron-dense substance was in a granular, rather than 
laminar, form and appeared to incorporate closely with both the endo- 
thelial basement membrane and the internal elastic lamina of the normal 
arteries (Figures 16 and 17). 


Extracranial Arteries 


The intraosseous segments of the internal carotid arteries of all 3 test 
dogs revealed severe occlusive atherosclerotic changes, as described 
above. Likewise, the aortas and the coronary, mesenteric, celiac, renal, 
caudal and iliac arteries had moderate to severe degrees of occlusive 
atherosclerotic lesions. Electron microscopy of the coronary arteries, to 
compare with the cerebral arteries, showed a recognizable basement 
membrane under the endothelium which was not as thick and distinct 
as that seen in the cerebral arteries. However, as in the cerebral arteries, 
detachment of the internal elastic lamina from the endothelial basement 
membrane, accumulation of extracellular and intracellular vacuoles 
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consistent with lipid, electron-dense laminar substance and smooth 
muscle cell proliferation were commonly noted (Figure 18). 


Serum Lipids 


Results of chemical analyses on serum lipids of test and control dogs 
are summarized in Table 2. Differences in serum levels of cholesterol, 
phospholipids and triglycerides between test and control groups were 
highly significant. Total cholesterol levels of test dogs averaged more 
than four times the values of the controls, but the percent of cholesterol 
as ester remained within a normal range of 70 to 80%. Between test and 
control groups, levels of phospholipids and triglycerides showed lesser 
degrees of differences than did cholesterol levels. 


Discussion 


In general, intracranial arteries of mammals are resistant to dietary 
induction of atherosclerosis. ^" In a study using the cebus monkey 
fed cholesterol, cerebral arteries were spared despite extensive athero- 
sclerosis in the aorta and the coronary and carotid arteries? In the pres- 
ent experiment, animals also developed severe atherosclerosis of extra- 
cranial arteries, such as the aorta and the coronary, carotid and other 
major arteries. A study on cerebral arteries of pigs fed a high fat diet 
with cholesterol revealed light and electron microscopic evidence of 
atheromatous changes, but occlusive intimal lesions were not pro- 
duced." In a study reported by Belza et al using dogs that were ad- 
ministered cholesterol and thiouracil, various degrees of gross and 
histologic lesions of atherosclerosis were observed in major intracranial 
arteries, and cerebral infarcts similar to the lesion of the present study 
were found.* However, atherosclerotic occlusive lesions of the extra- 
cranial internal carotid and vertebral arteries should be taken into con- 
sideration in the pathogenesis of cerebral infarction, because athero- 
sclerotic occlusive disease in the high cervical and intraosseous seg- 
ments of the internal carotid arteries (such as the lesions in the present 


Table 2—Levels of Serum Lipid Fractions (Mean +SD, mg/100 ml) 








No. of Total Esterified Phospho- Trigly- 
Group dogs cholesterol cholesterol lipids* cerides 
Test 3 1015 + 58 698 + 74 702 + 88 129 + 17 
Control 3 239 + 48 170 4- 44 327 + 47 55 + 10 
P (t-test) «0.001 «0.001 «0.001 « 0.001 





* Expressed as lecithin by multiplying the values of phospholipid phosphorus by 25. 
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experiment) is known to be a potential source of thromboemboli caus- 
ing cerebral infarction in man.'?? 

Spontaneous atherosclerosis of the intracranial arteries occurs in aged 
dogs, pigs and primates.’ Andrus et al reported that spontaneous 
atheroslerotic lesions were commonly found in the cerebral arteries of 
control chimpanzees, so that the effects of high-fat diets with and with- 
out cholesterol could not be correlated." However, in the present ex- 
periment the possibility of spontaneous atherosclerosis in the intra- 
cranial arteries of the test dogs was excluded, and the development of 
cerebral arterial lesions was the result of the atherogenic diet, because 
similar vascular changes did not occur in control aurae maintained 
on a commercial dog chow in an otherwise identical condition. All dogs 
of the present experiment were 5 to 6 years old when they were killed. 
Induced intracranial atherosclerosis of the test dogs was present only 
in major and medium-sized vessels, and small arteries and arterioles of 
the brains were normal. 

A thick basement membrane under the endothelium, noted by light 
and electron microscopy in both test and control dogs, appeared to be 
a hallmark of cerebral arteries. The endothelial basement membrane 
of coronary arteries and aortas was recognizable in the present and 
previous experiments,'? but it did not appear as distinct as that seen in 
the cerebral arteries. Electron-dense laminar substance was frequently 
noted between the endothelial basement membrane and the internal 
elastic lamina. The distribution of this substance in relation to the 
elastic lamina and its staining reaction on PAS suggest that it is a newly 
formed elastin. In man, increased quantities of the basement membrane 
and ground substance between the endothelium and the internal elastic 
lamina were described in atherosclerotic cerebral arteries." In the 
present study, one consistent ultrastructural finding in atherosclerotic 
cerebral arteries was the separation of the internal elastic lamina from 
the endothelial basement membrane. As far as the author is aware, 
no studies dealing with the ultrastructure of experimental cerebral 
atherosclerosis in the dog have been reported previously. 


Summary 


Moderate to severe atherosclerosis was produced in the cerebral 
arteries of 3 mongrel dogs fed an atherogenic diet. Gross atherosclerotic 
changes were noted in all major intracranial arteries and, histologically, 
the arteries revealed destruction of the intima and media, deposition 
of cholesterol clefts and lipid, proliferation of fibroblasts, smooth muscle 
cells and collagen and accumulation of elastin and acid mucopolysac- 
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charide. A 3-mm cystic infarct occurred in the caudate nucleus of 1 
animal. Electron microscopy revealed a distinct endothelial basement 
membrane, frequently separated from the internal elastic lamina. Ex- 
tracranial systemic arteries of all 3 test dogs revealed moderate to 
severe atherosclerosis. In 3 control dogs, the intracranial arteries were 
normal. There was no evidence that the internal elastic lamina had 
separated from the endothelial basement membrane. Serum levels of 
cholesterol, phospholipids and triglycerides of test dogs averaged 2 to 4 
times the levels of controls. 
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Fig 1—The ventral surface of the brain of a test dog. Atheromatous lesions are 
opaque and distinct from relatively uninvolved segments of the arteries (top arrow). 
The ventral spinal artery and the cerebrospinal artery (a branch of the vertebral) are 
thickened and tortuous (bottom two arrows). 


Fig 2— The arterial circle of the brain (circle of Willis) of another test dog. All major 
cerebral arteries have severe atheromatous lesions, but small vessels visible through 
the leptomeninges appear grossly uninvolved. Both arrows point to the cross sections 
of the internal carotid arteries. The pituitary stalk, distal portions of the optic nerves, 
and the oculomotor nerves have been dissected. 











Fig 3—The posterior cere- 
bral artery showing eccentric 
narrowing of the lumen. Ath- 
eroma destroyed almost the 
entire thickness of the artery 
(H&E, x 75). 


Fig 4—The anterior cerebral 
artery with disruption of the 
internal elastic lamina. The 
arterial lesions are com- 
posed mainly of formation 
of foam cells, proliferation 
of myointimal cells and de- 
position of cholesterol clefts 
(H&E, x 192). 


Fig 5—One-micron-thick sec- 
tion from epoxy resin—em- 
bedded block of the middle 
cerebral artery, stained with 
basic fuchsin after oxidation 
in periodic acid. A pale zone 
of basement membrane un- 
der the endothelium is dis- 
cernible and separate from a 
strongly fuchsinophilic inter- 
nal elastic lamina. Between 
the endothelial basement 
membrane and the internal 
elastic lamina are several 
thin layers of fuchsinophilic 
tissue, probably newly 
formed elastin, separating 
myointimal cells which were 
proved to be smooth muscle 
cells by electron microscopy 
(x 1200). 


Fig 6—The anterior cerebral 
artery stained by the periodic 
acid—Schiff (PAS) method. 
The endothelial basement 
membrane is strongly PAS- 
positive. The PAS negative 
internal elastic lamina is sep- 
arate from the endothelial 
basement membrane, thus 
widening  subendothelial 
space (x 1200). 


Fig 7—The middle cerebral 
artery stained with colloidal 
iron showing accumulation 
of acid mucopolysaccharide. 
The strongly positive sub- 
stance is entirely in the 
thickened intima and not 
recognizable in the media. 
Cholesterol crystal clefts are 
also abundant (x 400). 


Fig 8—The petrous segment 
of the internal carotid artery. 
The lumen is markedly nar- 
rowed by atheromatous 
changes which destroyed the 
media, causing aneurysmal 
dilatation of the arterial wall 
(arrows). Decalcified and sec- 
tioned at 20 » (H&E, x 48). 
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Fig 9—The caudate nucleus 
with a cystic infarct. The 
lateral ventricle (V) is in 
the right upper corner 
(H&E, x 30). 


Fig 10—The middle cere- 
bral artery of a control dog 
stained with PAS. There is 
no evidence of separation 
of the internal elastic lam- 
ina (PAS-negative) from 
the endothelial basement 
membrane (PAS-positive) 
(x 1200). 


Fig 11 and 12—The middle cerebral arteries of test dogs. The basement membrane (BM) 
partitions the endothelium from subendothelial structure which contains abundant collagen 


and smooth muscle cells (SM) (11, x 9930; 12, x 16,500). 








Fig 13—The middle cerebral artery of test dog. Between the endothelial basement mem- 
brane and the internal elastic lamina (/EL) are smooth muscle cells. A cell (C) in the ar- 
terial lumen (LU), probably a blood leukocyte containing cytoplasmic vacuoles, clings to 
the endothelial surface (x 6880). Fig 14—The middle cerebral artery of test dog. 
Under the endothelial basement membrane, the intima contains layers of electron-dense 
amorphous substance which extend between smooth muscle cells (x 10,820). 
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Fig 15—The middle cerebral artery of test dog. Under the endothelium is an extended layer 
of basement membrane. One smooth muscle cell contains intracytoplasmic laminated 
bodies (arrow) (x 4585). Fig 16—The middle cerebral artery of control dog. There 
is no evidence of separation of the internal elastic lamina from the endothelial basement 
membrane (x 6010). 
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Fig 17—Higher magnification of the middle cerebral artery of control dog. Electron-dense 
granular substance, probably elastic fibrils, is closely incorporated with the endothelial 
basement membrane (X 31,110). Fig 18—The coronary artery of test dog. The base- 
ment membrane under endothelial cells (EN) is recognizable but not as thick as that of the 
cerebral arteries. The internal elastic lamina has been detached and not seen here. A few 
layers of amorphous dark substance are present in the widened subendothelial space, which 
contains smooth muscle cells, extracellular lipid vacuoles and collagen. One smooth muscle 
cell contains intracytoplasmic laminated bodies similar to those seen in Fig 15 (x 9025). 


Division of Protoplasmic Astrocytes in Acute 
Experimental Hepatic Encephalopathy 


An Electron Microscopic Study 


Michael D. Norenberg, MD, Lowell W. Lapham, MD, Mark W. 
Fastland, MD and Allyn G. May, MD 


The ultrastructural features of dividing protoplasmic astrocytes, induced by the 
production of hepatic encephalopathy, are described. True cellular hyperplasia, 
as manifested by cytokinesis at the site of paired nuclei, was demonstrated. The 
cytoplasm contained structural elements suggesting that cell division occurs by a 
highly organized process. Some of the observations were similar to those found in 
mitotic division in other types of cells, raising the possibility that cell division 
in protoplasmic astrocytosis might occur by mitosis rather than by amitosis, as 
widely held (Am ] Pathol 67:403—412, 1972). 


À BASIC REACTIVE CHANGE to injury of the central nervous 
system is proliferation of astrocytes. This phenomenon has been ex- 
tensively studied following destructive lesions which result in fibrous 
astrocytosis and the formation of a glial scar. A less well understoood 
process is that of protoplasmic astrocytosis (or hyperplasia of proto- 
plasmic astrocytes). This type of astrocytic response is the most striking 
change in some of the metabolic encephalopathies and is best exempli- 
fied in hepatic encephalopathy. It is characterized by an increase in the 
number of astrocytic nuclei, nuclear swelling and pallor and enlarge- 
ment of nucleoli, leading to the Type II Alzheimer astrocyte. A common 
feature is the presence of paired astrocytic nuclei. In contrast to fibrous 
astrocytosis, glial fiber production is conspicuously absent. 

Although nuclear proliferation in protoplasmic astrocytosis is undis- 
puted,’ an important unanswered question from previous studies is 
whether the process involves only multinucleation, or leads to true cellu- 
lar hyperplasia. A closely related issue is the mechanism of division. 
Mitotic figures have not been described in disorders of man in which 
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protoplasmic astrocytosis is found,'? although they are sometimes ob- 
served in fibrous astrocytosis (see Discussion). In the few reported 
experimental studies concerning protoplasmic astrocytes, mitotic fig- 
ures have also not been mentioned.** The possibility has been raised 
that in protoplasmic astrocytosis division might occur by amitosis.^? By 
whatever method, it is reasonable to postulate that division is a well- 
organized process in protoplasmic astrocytosis, inasmuch as each daugh- 
ter nucleus contains a diploid amount of DNA? 

It is the purpose of this report to describe some of the ultrastructural 
features of division in protoplasmic astrocytes. There is currently little 
basic information about the biologic properties of protoplasmic astro- 
cytes and their behavior in pathologic states. Emphasis here is placed 
upon those morphologic aspects relevant to the question of multinu- 
cleation, as compared with true cellular hyperplasia, and the problem 
of the mode of division. We have chosen experimentally produced 
hepatic encephalopathy as a means of inducing protoplasmic astrocy- 
tosis. Although the course is acute in the model we have used, proto- 
plasmic astrocytosis is the most prominent neuropathologic change by 
light microscopy, simulating closely the early stages of this response in 
hepatic encephalopathy in man. 


Materials and Methods 


Hepatic encephalopathy was produced in 4 mongrel dogs. Briefly, a modifica- 
tion of Rappaport's? two-stage ischemic hepatic injury was performed.? The first 
stage was accomplished by constructing a portacaval shunt. At the same time, a 
snare was loosely applied around the hepatic artery and the end brought out into 
the subcutaneous tissue. The second stage was performed on the following day, 
by which time the animal was fully recovered from anesthesia and behavior was 
normal. At this time, the snare was exposed under local anesthesia and tightened, 
completely occluding the hepatic artery. This procedure enabled us to follow the 
development of coma from the conscious state. Throughout this post-ligation period, 
the animals were maintained on hourly glucose infusions (0.5 g/kg body weight). 
Blood chemistries, including blood glucose, serum electrolytes and arterial blood 
gases, were monitored every 6 hours. During the period of deep coma, occurring, 
on the average, 29 hours after hepatic artery ligation, the brain was fixed by per- 
fusion using a mixture of paraformaldehyde (2%) and glutaraldehyde (2.5%) in 
0.1 M phosphate buffer adjusted to pH 7.4. Blocks of frontal lobe were subse- 
quently post-fixed in 1% osmium tetroxide and embedded in Durcupan (Fluka). 
Thin sections were obtained with an LKB Ultrotome III, stained with uranyl 
acetate and lead citrate and examined with an RCA EMU-3F electron microscope. 
Eight normal and 2 sham-operated dogs formed the control material for this study. 


Results 


The course following post-hepatic artery ligation consisted initially 
of lethargy and emesis. The dogs then gradually developed ataxia, rigid- 
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ity, bizzare posturing and eventually coma. In preliminary studies, we 
observed that the natural course of the illness led to death within 48 
hours after ligation. The time interval between hepatic artery ligation 
and coma ranged between 21 and 35 hours. As expected, serum tests 
reflected hepatocellular necrosis. Blood glucose and serum electrolytes, 
however, remained normal; arterial blood gases also remained normal 
except for a slight respiratory alkalosis terminally. 

By light microscopy, the nuclei of astrocytes in the frontal cortex 
were markedly increased in number as compared to normal dogs (from 
a comparison of astrocytic nuclei counts, P was « 0.001).!? Paired nu- 
clear forms were frequently noted? At the ultrastructural level, the 
paired nuclei were separated by a set of apposing cytoplasmic mem- 
branes, one belonging to each daughter cell (Figure 1A). This feature 
characterized all paired astrocytic nuclei (over 50 pairs were examined). 
Even when nuclei were in close proximity and appeared to abut on 
each other, there was evidence of complete cytokinesis (Figure 1B and 
C). Binucleate or multinucleate astrocytes were not observed. 

Mitotic figures were not found nor were stages of division identified. 
Pertinent to the issue of division, however, was the finding of centrioles 
in approximately 1 of 4 astrocytes studied, whereas in our control ma- 
terial, centrioles were found in less than 1 of 10 astrocytes. Furthermore, 
when encountered in normal astrocytes, centrioles were usually em- 
bedded in an amorphous osmiophilic matrix. In contrast, centrioles were 
often associated with complex structures in our experimental model. 
Procentrioles were occasionally identified adjacent to parent centrioles 
(Figure 2A). Other pericentriolar findings included fibrogranular ag- 
gregates, and groups of microtubules (Figure 2B and C). In some in- 
stances, striated rootlets (Figure 2A and C) and apparent production 
of microtubules from centrioles were identified (Figure 2A). Apart from 
pericentriolar structures, there was often an increase in scattered micro- 
tubules throughout the cytoplasm (Figure 3). Production of glial fila- 
ments was not observed in any of the astrocytes examined. 


Discussion 


Although it generally has been assumed that proliferation of astrocy- 
tic nuclei indicated cellular hyperplasia, this has not previously been 
proven. Furthermore, the close proximity of paired nuclei has made it 
impossible to exclude multinucleation. We have established, in our ex- 
perimental model of hepatic encephalopathy, that true cellular hyper- 
plasia takes place in protoplasmic astrocytosis, not merely nuclear di- 
vision. Despite little knowledge regarding the function of protoplasmic 
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astrocytes, cellular proliferation may occur as part of their basic reac- 
tion in certain pathologic conditions. 

The mechanism of astrocytic division, however, remains an enigma. 
With regard to division of astrocytes in general, it has traditionally 
been held that all forms of astrocytes divide by amitosis, since the in- 
troduction of this concept by Del Rio Hortega and Penfield.” This 
view is still expressed in current texts of neuropathology.” Amitotic 
division in other cell systems has been thought to result principally in 
multinucleation and is regarded by some investigators as a reactive 
change by means of which an increase in cell function can take place 
in response to various types of stress, especially to metabolic derange- 
ments.!*? This process would, therefore, favor cell economy, avoiding 
the disruption of other cellular activities that mitotic division and sub- 
sequent cytokinesis might incur. Not all investigators, however, have 
accepted the concept that amitosis occurs in mammalian cells, or, 
more pertinently, in the nervous system." Since protoplasmic astrocyto- 
sis, in our experimental material, led to cell division and never to multi- 
nucleation, as far as we could ascertain, doubt is cast upon amitosis as 
the mechanism of division. 

Insofar as fibrous astrocytosis with formation of a glial scar is con- 
cerned, mitotic figures have been noted in studies of human neuro- 
pathologic disorders. These observations are strengthened in a report 
by Cavanagh who showed in experimental studies that fibrous astrocytes 
are, in fact, capable of mitotic division.” He emphasized that adequacy 
and speed of tissue fixation were important in being able to demonstrate 
mitosis. 

Despite fixation by perfusion in our study, mitotic figures were never 
observed. A number of observations from our material, however, bear 
on the problem of division. Centrioles may play an important role, as 
illustrated by their increased numbers and by the presence of pro- 
centrioles. Procentrioles are seen in the early phase of centriolar repli- 
cation in other cell systems as part of mitosis.” Of particular interest 
were two additional findings which support the possibility that division 
of protoplasmic astrocytes may occur by mitosis. These were peri- 
centriolar microtubular aggregates and increased numbers of scattered 
cytoplasmic microtubules. When microtubules are increased throughout 
the cytoplasm at the time of cell replication, they are generally con- 
cerned with formation of a spindle, whereas microtubular aggregates in 
a pericentriolar location may represent ultrastructural elements of an 
aster.?? The role of fibrogranular aggregates and striated rootlets in pro- 
toplasmic astrocytosis is more puzzling, as they have been described 
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primarily as structural components of cilia or in ciliogenesis.? Although 
cilia have been described in astrocytes, they were not found in our 
experimental material. 

We recognize that definitive conclusions regarding the mode of 
division cannot be drawn from this study. The finding of complete 
cytokinesis in protoplasmic astrocytosis, however, along with many 
centrioles, complex pericentriolar structures and increased numbers 
of microtubules, favor the view that mitosis, rather than amitosis, was 
responsible for cellular division. These observations certainly suggest 
that protoplasmic astrocytes divide by a complex mechanism and, in 
our opinion, justify reexamination of the method whereby they replicate. 
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Fig 1A—A pair of protoplasmic astrocytes. Two distinct daughter cells are separated bya 
set of apposing plasma membranes (arrows). B—Another pair of astrocytic nuclei that 
appears at this magnification to present a binucleate cell. The nuclei, however, belong to 
separate daughter cells, as established by the set of plasma membranes between the two 
nuclei (arrows). The plasma membranes are seen to better advantage in C (arrows) which 
is a higher magnification of the blocked region in B. N indicates nucleus (A and B x 7000; 
C x 55,000). 





Fig 2A—A pair of centrioles (c) adjacent to nucleus (N). A procentriole (P) lies in close 
proximity to the parent centriole on the left. A microtubule projects from the same centriole 
(arrow). Circumferentially positioned about the centrioles are fibrogranular aggregates 
(arrow heads), microtubules and a single striated rootlet (SR). B—Many fibrogranular 
aggregates are situated around this centriole. C—Aggregates of microtubules (arrow) 
and other tubular profiles are associated with a centriole. A striated rootlet (SR) lies along 
the periphery of the pericentriolar complex. N indicates nucleus (A X 31,000; B and C 
x 26,000). 





Fig 3—There are increased numbers of scattered microtubules in the cytoplasm of this 
astrocyte (arrows). A indicates axon; D, dendrite; N, nucleus (x 30,000). 
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ANIMAL MODEL 
FOR Down's Syndrome (Mongolism, Trisomy 
HUMAN DISEASE 21) 





Animal Model: Trisomy in a Chimpanzee 


Contributed by: Harold M. McClure, DVM, Department of Veterinary Pathology, 
Yerkes Regional Primate Research Center, Emory University, Atlanta, Ga 30322. 


Features of Down's-Like Syndrome in a Chimpanzee 


The subject of this report, a female chimpanzee (Pan troglodytes) 
named Jama, was born after an apparently normal uncomplicated preg- 
nancy. Her mother, a 15-year-old chimpanzee, had 1 previous pregnancy 
which was terminated by the delivery of a premature stillbirth. No other 
relevant medical history had been recorded for either of the "parents. 
The father was 22 years old at the time of Jama’s birth. 

Jama was of low-normal birth weight and had a markedly decreased 
rate of growth as compared to other laboratory-reared chimpanzees, She 
also had bilateral partial syndactyly of the toes with clinodactyly, prom- 
inent epicanthal folds, hyperflexibility of the joints, muscle hypotonia 
and a short neck with excess skin folds. Radiographic studies conducted 
at birth revealed an abnormality of the left thoracic cavity that appeared 
to be adjacent to or associated with the heart. 

Cytogenetic studies conducted on peripheral blood cell cultures re- 
vealed a modal chromosome number of 49, as opposed to the normal 
diploid number of 48 for the chimpanzee. Karyotypes prepared from the 
aneuploid cells showed an additional small acrocentric chromosome. 
This autosomal trisomy was confirmed in bone marrow preparations and 
in fibroblast cultures obtained from skin biopsy. Cytogenetic studies on 
both parents revealed normal chromosome complements. 

Behavioral observations indicated that Jama’s postural development 
was markedly retarded when compared with other Yerkes nursery ani- 
mals and the critical age norms reported for chimpanzees. When indi- 
vidual items of postural maturation were examined, Jama exceeded the 
critical age norms in 31 of 34 measures. She was slower in all 34 tasks 
when compared with 2 nursery animals tested at the same time. 
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Fig 1—Photograph illustrat- 
ing facial features of 
Jama, Note tongue 
protrusion and prom- 
inent epicanthal 
folds. 





Jama had frequent clinical episodes of anoxia, as manifested by cyano- 
sis of the lips and cold extremities, and continued to show poor clinical 
progress throughout her 17 months of life. Her clinical condition was 
characterized by retarded growth, delayed neurologic and postural de- 
velopment and general inactivity. She died at the age of 17 months 
while anesthetized for diagnostic cardiac catheterization procedures. 

Major findings at necropsy included: a patent ductus arteriosus, an 
atrial septal defect, and a ventricular septal defect. The left side of the 
diaphragm was projecting into the left thoracic cavity and contained a 
lobe of the liver. The right ventricle showed marked hypertrophy; a 
generalized moderate lymphadenopathy was noted. Other postmortem 
findings which were felt to be associated with terminal events included 
petechial and diffuse hemorrhage of the cerebrum and ecchymotic hem- 
orrhage of the myocardium. 


Features of Down's Syndrome in Man 


This condition was first described as a clinical entity in 1867, but it 
was not until 1959 that the syndrome was shown to be associated with a 
specific chromosomal abnormality—trisomy of one of the small acro- 
centrics. The condition is reported to occur in the human population 
with a frequency of approximately 1 in 600 births, with increasing fre- 
quency associated with advancing maternal age. 





Fig 2—Photograph of Jama illustrating the degree of 


muscle hypotonia still present at 
40 weeks of age. 
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Fig 4—Graph showing the markedly decreased rate of growth of Jama as compared to 
other laboratory-reared chimpanzees. 


The characteristic cytogenetic abnormality of mongolism is accom- 
panied by prominent anomalies of physical and mental development. 
These include: oblique palpebral fissures with epicanthal folds; a short 
broad neck; cardiac anomalies; muscle hypotonia and hyperflexibility 
of the joints; dysplastic ears; short broad hands; dysplastic middle 
phalanx of the fifth finger; and mental retardation. Syndactyly of the 
toes is reported to occur with a frequency of 2 to 11%. 


Summary 


The clinical, behavioral, cytogenetic and pathologic features of this 
case demonstrate its similarity to Down’s Syndrome of man. Although 
it was not possible to maintain this animal to maturity for expanded 
studies on this relatively common human disease, it is encouraging to 
know that such a condition does occur in nonhuman primates. Its oc- 
curence indicates that these animals may be used in investigations per- 
taining to the etiology of this condition. Continued cytogenetic studies 
in nonhuman primate populations may reveal additional cases of this 
type, as well as other chromosomal anomalies. 
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tion. Black and white illustrations will be furnished in moderate numbers. Excess 
illustrations, when accepted, and the cost of illustrations in color, must be paid for 
by the contributor. 


Reprints: Án order blank for reprints is sent with the proof. 


Hudoir Partsch wanted to repeal Murphy’s Law. Thus, 
the world's easiest-to -operate Electron Microscope. 


"What | want," said Rudolf Partsch of Carl Zeiss, Inc. 
to the designers in Oberkochen, West Germany, "is a totally 
reliable, extremely easy-to-operate, compact electron micro- 
scope with good resolution (7A) in the 0-60,000x range. And 
| want it at a low price." He wanted an electron microscope for 
researchers and teachers interested in electron microscopic 
studies, not electron microscopes—an instrument designed 
for everyday use. 

The Zeiss EM9S-2 with fully automatic camera Sys- 
tem, foolproof airlock, and fingertip controls is what he got. 
And it looks as though Mr. Partsch really had a keen insight 
into the needs of a large section of the American scientific 
community . . . judging both by the reception this instrument 
has had, and by the numerous attempts to copy it. The copies 
never catch up, because Partsch keeps in regular contact with 
users, to find out what kind of modifications can be made to 


keep abreast of research's ever-changing requirements. When 
he finds one, he gets it incorporated post haste into the de- 
sign. And, what's more, makes it available for incorporation 
into previously sold instruments. Because ease-of-modification' 
is a feature inherent in the original uncomplicated design,.a 
Zeiss Electron Microscope never gets old. 

For the whole story, contact Partsch. He'll send you 
complete specifications and the illustrated brochure “How to 
Operate the World's Easiest-to-Operate Electron Microscope." 

You can reach him by phone at: (212) 736-6070. 
Or write Carl Zeiss, Inc., 444 5th Ave., New York, N. Y. 10018. 
Canada: 45 Valleybrook Drive, Don Mills 405, Ontario. 


Ask for leasing and time payment terms. 


Nationwide service. 


ATLANTA, BOSTON, CHICAGO, COLUMBUS, DALLAS, DENVER, FORT LAUDERDALE, HOUSTON, KANSAS CITY, LOS ANGELES, PHILADELPHIA, PHOENIX, SAN FRANCISCO, SEATTLE, WASHINGTON, D.C 


THE GREAT NAME IN OPTICS 


WEST GERMANY 
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To protect her next baby... 





Gamulin Rh Rh,(D) immune globulin (human) 
... complete with a disposable syringe 
In a compact, space-saving package. 





As a major producer of blood fractions, Dow now brings you a new source for Rh,(D) immune 
globulin to protect the Rh negative mother's next baby from probability of hemolytic disease. 


Studies to demonstrate its safety and effectiveness show 
that Gamulin Rh is effective in suppressing the produc- 
tion of Rh,(D) antibodies. 

And it comes in a space-saving, compact package 
that includes a vial, disposable syringe, lay literature, 
patient laboratory form, ID card, package insert and a 
crossmatch vial. 


DESCRIPTION: GAMULIN Rh, Rh,(D) Immune Globulin 
(Human). is a sterile concentrated solution of gamma globu- 
lin derived from blood of human donors known to have anti- 
bodies to Rh,(D). It is standardized to contain 10.0 to 18.0 
percent globulins with a level of antibody to Rh,(D) equal 
to or greater than that of the NIH Reference Rh,(D) Immune 
Globulin (Human). The final product contains 0.2 to 0.3 
molar glycine as a stabilizer and 1:10,000 thimerosal as a 
preservative. 


INDICATIONS: GAMULIN Rh suppresses the immune 
response of nonsensitized Rh,(D) negative mothers follow- 
ing Rh incompatible pregnancies. The criteria for an. Rh 
incompatible pregnancy are: That the mother shall be 
Rh o(D) negative, D" negative; and the infant shall be 
Rh,(D) positive or D" positive. 


D» 


CONTRAINDICATIONS: Gamulin Rh must not be given to 
the infant. Gamulin Rh also should not be administered to 
an Rh,(D) positive or D" positive individual, to a recipient of 
an Rh,(D) positive blood transfusion, or to an Rh,(D) 
negative mother previously sensitized by an Rh incom- 
patible pregnancy. Do not give intravenously. 


PRECAUTIONS AND REACTIONS: It is essential that cer- 
tain diagnostic and laboratory criteria be met before admin- 
istering this product. (See package literature.) An occa- 
sional patient has shown a systemic reaction manifested 
by a low grade fever. Allergic reactions, although not ex- 
pected, could occur. 


ADMINISTRATION: Consult package insert for detailed 
instructions. 


This product must be administered within 72 hours post- 


Gamulin Rh 
Rh, (D) immune globulin (human) 


DOW PHARMACEUTICALS 
The Dow Chemical Company 
Indianapolis, Indiana 
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NO. 350 *4 SIZE 


General purpose capsule for 
roufine or micro specimen. 
Very precise enclosure. 25 mm 
in diameter by 6 mm deep. 
Extra fine (50 x 50) bottom 
mesh. 

$1.75 each $19.00 dozen 


. » . FOR ROUTINE 
HISTOLOGY 





ae 





34 SIZE 






NO. 330 
Allows partitioning up to four sec- 
tions, Five sturdy lugs grasp the 
base securely, Inside measurements 
37 mm x 6 mm deep. 


$1.60 each $17.60 dozen 
NO. 330-5 

Separators for same. 

20 sët $2.20 doz. sets 





NO. 339 Va SIZE 


Has expansion feature. Closed 
dimensions are 40 mm by 7 mm 
deep and may be expanded to il 
mm deep. 


$1.50 each $16.50 dozen 





SOLID STAINLESS STEEL 


TISSUE CAPSULES ud 
AUTOPSY BASKETS 


of the finest quality by 
MANUFACTURING CO. 


7446 CENTRAL AVENUE + DETROIT 10, MICHIGAN 





COMPLETE LITERATURE 


Immediate Delivery AND CATALOG AVAILABLE 






NO. 343 


Spring clasp 
provides a se- 
cure enclosure. 
Inside dimen- 













NO. 331 ACTUAL SIZE sions 19 x 12 
Positive clip-on cover for mm. Fine mesh 
micro specimen. 20 mm in (20 x 20). 
diameter by 5 mm deep. $1.75. each 
Fine mesh (20 x 20). $19.00 dozen : 2 
$1.50 ea. $16.50 doz. NO. 343-X em" 
2 With extra fine mesh (50 x 50). 
dip 331-X $1.90 ea. $20.90 doz. 
ith exíra fine mesh (50 
x 50). 
$1.60 ea. $17.60 doz. 


LARGE CAPACITY 





Ve SIZE 


Perforated throughout for free 
movement of fluids. Snap cap 
provides positive enclosure. 






NO. 349 










V2 SIZE 35 mm in diameter by 30 
Flexible snap cover easily at. | ™m deep. 
tached and removed. 50 mm $3.00 each $33.00 dozen 









long, 25 mm wide, 12 mm deep. 
$5.00 each $55.00 dozen 


UNIQUE DESIGN ... 





NO. 332 V; SIZE 


Same construction as No. 342 
(above), Dimensions are 35 mm 
in diameter by 70 mm deep. 
$3.50 each $38.00 dozen 





NO. 338 V2 SIZE 


Clip-on cover provides a 
tight and positive enclosure. 
inside dimensions are 33 
mm by 7 mm deep. 

$1.50 ea. $16.50 dozen 
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we let you choose one from all. 


As certainly as no single microscope can serve 
all disciplines, no single photomicrographic 
camera can meet all needs. Your preference 
may be a large format, small format, Polaroid®, 
automatic, manual, without camera back, with 
camera back, single frame, multiple frame, or 
time-lapse. 

Leitz lets you choose. And whether it's your 
budget or your specific need that dictates 


preference, you get the same common 
denominator...optical performance second to 
none, precision and dependability. 


To help you make a decision, let us send you 
our brochure. There is one that's just right 
for you. 





* E. Leitz, Inc., Rockleigh, N.J. 07647 
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Eb. STATZTMES — l'Éd gets rut ny. 
>asurements of LDH, CPK, GOT, and GPT — are fully 
red and freeze dried. One pipetting of disti led 
instantly transforms the STATZYME wafer into an 
» working analytical system. 
I| reagents for single or multiple testing are 
Wan a single vial. 
With a single reconstitution, you have at your 
ips 24 years of Worthington work in biochemical 
ch and enzyme testing. Our methods are the 
val UV procedures which we meticulously simplified. 
w/ultiple testing? A single reconstitution is still all 
med. Besides the single test, Worthington 
* YMES also are packaged in 5 and 25-test vials. 
cover the range for "stats," profiles, series, 
smutomated and automated enzyme measurements. 
hese packages eliminate waste of reagent; 


SITTUTC M. iy Emm A. CAG eR cent. amu 
effort; precise measurement eliminates repeats and 
wasted time. 

With these advantages, you'll see why Worthing 
STATZYMES are easily the most convenient and eco 
reagents you can use. Evaluate them in your own 
laboratory. Contact our local distributor for product 
literature and request a demonstration. 
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| | 


Worthington Biochemical Corporation | Freehold, New Jersey 07728 L 





NOW...UP TO 72 TISSUES | 
PROCESSED AT ONE TIME 





| 
| 
The Shandon-Elliott Duplex Auto- 
matic Tissue Processor cycles two 
baskets, each holding up to 36 tissues, 
through a series of equal immersion- 
time routines requiring up to 12 pro- 
cessing stations. Equal-time routines 
involving less than 12 stations can be 
started at any point. Or the machine 
can process up to 36 tissues for special 
routines. Other features include 24- 
hour timer, delayed action, automatic 
agitation, and a third hot wax bath unit. | 





Send for literature and prices to Shandon Southern Instruments, Inc., 
915 Broad Street, Sewickley, Pa. 15143 (Pittsburgh District). 
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» [] Paper Electrophoresis 
Use this C} Acrylamide Gel Electrophoresis 
.j Immuno Electrophoresis 


. L] 
check list for C] Thin Layer Electrophoresis 


C) High Voltage Electrophoresis 
other Shandon & Paper chromatography 
Thin Layer Chromatography 


a 
Catalogs and 5 Preparative Layer Chromatography 


C] Automatic Slide Staining Machine 
Monographs = 


l 
|] Tissue Processing Apparatus 
[| Cyto-Centrifuge 
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Please send your request for the above literature to Shandon 
southern Instruments, Inc., 515 Broad St., Sewickley, Pa. 15143. 


Two major new works from Harper & Row: 


INFECTIOUS DISEASES 


À Guide to the Understanding and 
Management of Infectious Processes 


With 89 Contributors. Edited by Paul D. Hoeprich, 
M.D., Professor of Medicine and Pathology, and 
Chief, Section of Infectious and Immunologie Dis- 
eases, School of Medicine, University of California, 
Davis, California. About 1,300. Pages. 180. Hlustra- 
tions, 33 in full color, $42.50 

INFECTIOUS DISEASES has been pains- 
takingly prepared to serve as a definitive 
reference book for all physicians concerned 
with infectious diseases. Comprehensive in 
scope, the book covers diseases caused by 
viruses, chlamydia, rickettsia, mycoplasmas, 
bacteria, spirochetes, protozoa, helminths, 
and ectoparasites. Each disease is thoroughly 
examined according to etiology, epidemi- 
ology, pathogenesis and pathology, mani- 
festations, diagnosis, prognosis, therapy, and 
prevention. Considerable emphasis is placed 
on epidemiology and pathogenesis as the 
keys to understanding host-parasite inter- 
actions. 

Although comprehensive, this book is not 
just an encyclopedic assemblage of data. fn 
fact, the real hallmark of INFECTIOUS 
DISEASES is the organ-system presentation 
of the subject matter, Specific infectious dis- 
ease are approached according to the sys- 
tem involved, This practical approach is 
consistent with the facts of clinical life. 
Moreover, the organ-system arrangement 
facilitates quick reference for the busy prac- 
titioner, 

Comprehensive, well organized, gener- 
ously illustrated, and fully indexed, this 
important new work fills a real need for 
students and practicing physicians alike. 


BRONCHOPULMONARY 
DISEASES AND 
RELATED DISORDERS 


With 54 Contributors. Edited by Cranston W. Hol- 
man, M. D., Clinical Professor of Surgery, Cornell 
University Medical College: and Carl Muschenheim, 
M.D., Clinical Professor of Medicine, Cornell Uni- 
versity Medical College, New York. 2 Volumes. 
About 1,035 Pages, 177 Hiustralions. $60.00 

The field of bronchopulmonary diseases 
has recently undergone an unique evolution 
of medical and surgical collaboration. 
BRONCHOPULMONARY DISEASES 
AND RELATED DISORDERS is à new 
profusely illustrated two volume work 
which assembles the vast amount of ac- 
cumulated medical and surgical knowledge 
in a logical, consistent sequence. Up-to-date 
information from fifty-four distinguished 
contributors has been organized to form 
a comprehensive presentation of current 
theory and practice concerning pulmonary 
and thoracic diseases. 

Pertinent physiologic principles, medical 
knowledge, and surgical interests are thor- 
oughly examined. Topics of particular im- 
portance include: pulmonary function tests 
and their physiologic significance; surgical 
principles and technics, amplified by de- 
tailed anatomical illustrations; develop- 
mental anomalies and pulmonary disorders 
of infancy and early childhood; pathology 
and patho-physiology of various disorders; 
principles for the management of respira- 
tory failure; medical and surgical intensive 
Care: 
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SINGLE and TWO-REAGENT SYSTEMS 


For the Ultraviolet Determination of 


SGOT/SGPT 


(Glutamic-Oxalacetic+ Glutamic-Pyruvic Transaminase) 
in serum or other fluids at 340 mu 
"Stat", Manual, or Automated 
Kinetic Procedures 


Call SIGMA for 


SINGLE REAGENT SYSTEM — Per Sigma Technical Bulletin No. 55-UV. 

A rapid, convenient procedure for routine or "stat" determinations — Manual or single reagent automated sys- 
tems such as GEMSAEC, Centrifichem, Rotochem, etc. All you do is add water and serum — then read your O.D. 
One, five or ten assay vials - to fit your need. 


Ask for free Sigma Technical Bulletin No. 55-UV or order: 


Max. Max. 
Stock No. For SGOT Assays® Price | | Stock No. — For SGPT Assays* Price 
55-1 Single Assay Vial — 10 vials 10 $5.00 | | 55-1P Single Assay Vial 10 vials 19 $5.00 
Duas 5x5 7.50 : | 5 vials — 5x5 8.00 
55.5 5 Assay Vial oe Ae 5 Sige i | 85:5 5 Assay Vial i iR. Ao Jon 
5 vials 5x 12.50 i ; 5 vials 5x10 14.00 
55-10 10 Assay Vial ( 10 vials 10x10 2485 i 55-10P — — 10 Assay Vial io vials 10x10 27.00 


*Although vials for the above procedures are designed for a 3 ml Reaction Volume, many instruments can use much fess, 
ff so, the number of ossays per vial can be increased proporlionately and cost per test greatly reduced, 


TWO REAGENT SYSTEMS —- Per Sigma Technical Bulletin No. 155-UV. 
For Automated analyzers designed for two-reagent systems such as the LKB Reaction Rate Analyzer and the 


Beckman DSA-560 and 564-B. 
Can also be used in single reagent automated analyzers and for manual procedures. 


Ask for free Sigma Technical Bulletin No. 155-UV or order: 


Max. 
Kit No. For Assays? Price 
155.A SGOT 100 $22.59 
155.B SGPT 100 24,50 


See above comment re: number of ossays 














Of course we still offer the Original Colorimetric Procedure — proven the world over — imitated everywhere, 

but still unequaled. 

No. 505 — Sigma-Frankel Colorimetric 
at 490-530 mu 


| Iso available: 
Kit No. For Assays Price | | 


A 
No. 410-UV — Ultraviolet at 340 mu 


| 
| 
a , | Kit No. For Assays Price 
505 SGOT 10 10.00 410-50 SGOT 50 11. 
505.M SGOT 25 5.50 | $11.55 
505.PM SGPT 25 5.50 | 410-50P SGPT 50 14.75 
505-0P SGOT/SCPT 100 15.00 410-0P SGOT/SGPT 50 each 26.30 
Combination | Combination 





Free Sigma Technical Bulletins for the above methods are available upon request. 
All prices include normal postage to you anywhere in the world. 
It’s a pleasure doing business with Sigma 


ORDER DIRECT — TELEPHONE COLLECT from ANYWHERE in the WORLD 
Day, Station to Station, 314-771-5750 
Night, Person to Person, Dan Broida, 314-993-6418 
TWX [Teletype] Day or Night: COLLECT 910-761-0593 
TELEGRAM: SIGMACHEM, Saint Louis, Missouri 


a The Research Laboratories of 


mala MNA AA cnemicaL COMPANY 


P.O. BOX 14508 * SAINT LOUIS, MISSOURI 63178 U.S.A. 


MANUFACTURERS OF THE FINEST BIOCHEMICALS AVAILABLE 
VL UD RDUM SUCK Distributed through: 
SIGMA LONDON Chem. Co. Ltd. + 12, Lettice St., London, S.W.6., England * Telephone: 01-736-5823 (Reverse Charges) 
SIGMA ISRAEL Chem. Co. Ltd. + 28 Kaf- Gimel St. Givataim, Israel * Telephone: 03 760654 (Reverse Charges) 
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Opportunities 


POSITION WANTED 


PATHOLOGIST, D.V.M., Ph.D. 5 YRS, EXPERIENCE IN 
gross and microscopic path. of animal and human 
tissues. Organizing and teaching path. to med. stu- 
dents. 11000 Wabash, Kansas City, Mo. 64131 Tel: 
(816) 942.8121. 


PHYSICIAN WANTED 


WANTED-—PATHOLOGIST QUALIFIED TO ASSUME 
ful! and sole responsibility in clinical and anatomic 
pathology for a small but enlarging department. 
Early partnership. Substantial fringe benefits with 
excellent non-contributory retirement program. Write 
or call Sam Packer, M.D., Medical Director, 11717 
Euclid Avenue, Cleveland, Ohio 44106. Area Code 
216, 795.4400. 


PATHOLOGIST BEING SOUGHT BY CHILDRENS HOS- 
pital of Newark, affiliated with New Jersey Medical 
School. Experience and interest in anatomic pathol. 
ogy of infants and children desirable. Apply to: 
Richard H. Rapkin, M.D., Director of Pediatrics, 
15 South Ninth Street, Newark, New Jersey 07107. 


CLASSIFIED 
ADVERTISING 
INFORMATION 


RATES: 


6 Times 
Non Display: 1 Time 3 Times or more 
20 words or less $19.00 $16.00 $14.00 
Fach additional word 50 50 .50 | 
Box Service—$2.00— First insertion only | 


6 Times | 
Classified Display: 1 Time 3 Times or more | 
$35.00 $30.00 $25.00 
per inch per inch per inch 
Minimum Space—0One (1) column inch 


SEND ALL COPY, 
AND BOX NUMBER INQUIRIES TO: 


THE AMERICAN JOURNAL 
OF PATHOLOGY 


Classified Dept. 
P.O. Box 1510 
617-A Cleveland Street 
Clearwater, Florida 33517 
Tele: 813-443-3047 
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A book for every physician 


THE DIAGNOSTIC 
INTERVIEW 


by Ian Stevenson, M.D. 


Formerly titled MEDICAL  HISTORY-TAK. 
ING, this new edition describes in a systematic 
manner what is known about the do's and don'ts 
of medical history-taking. Part I discusses the 
important factors affecting the doctor-patient re- 
lationship and how this relationship influences 
the outcome of medical interviews. It also con- 
siders other general principles of importance 
for the interview. Part II describes what infor- 
mation is to be obtained during the interview. In 
Part III, the author considers the techniques to 
be employed. Numerous examples of actual in- 
terviews are given including examples of com- 
mon errors that should be avoided. Throughout 
the book. the author emphasizes the importance 
of observing the patient's non-verbal communi- 
cations as well as his verbal statements. 

In the new second edition, more emphasis 
has been given to the influence of the interview- 
er-patient relationship in shaping the informa- 
tion given by the patient. Greater emphasis is 
also given to the current situation of the patient 
as an influence on how he sees and describes his 
earlier life, 

The references have been completely updated. 
This book is written for the practitioners of all 
branches of medicine, at all levels, who wish to 
improve their skills in interviewing while avoid- 
ing specialized psychiatric jargon. 


By IAN STEVENSON, M.D., Alumni Professor of 
Psychiatry, Department of Psychiatry, University oj 
Virginia School of Medicine, Charlottesville. 320 pp., 
12 illus., $6.00. 


HARPER & ROW, Publishers 


Medical Department 
Mail Order Department 
2350 Virginia Avenue, Hagerstown, Md. 21740 


Please send me on approval, 


[] Stevenson: 
THE DIAGNOSTIC INTERVIEW . $6.00 


[] Bill me [] Check enclosed (SAVE! 
We pay postage and handling) 
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and Robbins the Nobel Prize was done in the Department of Labora- 
tories and Research of the Childrens Medical Center, and it is not 
irrelevant that Drs. Weller and Robbins began their careers as interns 
in Pathology under Dr. Farber. Both ends of the medical career received 
support from Dr. Farber, and our discipline was enriched thereby—his 
Department helped Drs. S. B. Wolbach, J. L. Bremer, J. L. Conel, Alwin 
Pappenheimer and others to continue their work and teaching after they 
had retired from other duties, so as to give their wisdom to many 
younger pathologists. 

Thus we salute an illustrious career, but we are honoring more than a 
life of honest hard work, we are recognizing a role and an influence. 
We all know much of the role, because we have the same ones—service 
or diagnostic pathology, teaching, research, administration, in varying 
mix—and they are no small thing. But Dr. Farber's recognition rests 
even more on a theme he taught and spread through all facets of his 
career—an unswerving dedication to quality. All those who were privi- 
leged to work with or learn from him have felt this influence and have 
passed it on to what is now, in some lines of descent, third and fourth 
generations. He did not teach there was only one way to do an autopsy, 
but that there are good ways and there are poor ways, and there was no 
excuse for a poor way because the patient deserved one's best. It was 
the same with teaching—when we would complain that teaching duties 
interfered with the smooth running of things, he upheld quality, insisted 
that students were not some lower form of life but our colleagues, and 
that the greatest mistake we could make was to talk down to them. He 
insisted that it was an error, not only in terms of the product desired— 
which was a good physician—but also a spiritual and philosophic one, 
because the implied elitism was the kiss of death. He practiced, and 
expected from others, recognition of the worth of every other person, 
because every other person knows something one does not. In research 
his standards were also unfailingly high—his pained look when he 
thought a colleague was stepping beyond the data could be devastating. 
Dr. Farber has taught us all many things—not least, the importance of a 
goal and a vision. The present stature of pediatric pathology as a disci- 
pline comes very largely from Dr. Farber, who has maintained his 
position on this matter for over 30 years. The Childrens Medical Center 
in Boston, the Childrens Cancer Research Foundation, the chemo- 
therapy of cancer in general, owe much to him. It has not been grim 
determination, because Dr. Farber is incapable of being grim, but he 
has been unswerving toward good and worthy goals. Columbus got 
across the ocean with similar vision and determination, and Paul Ehrlich 
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tried 605 other chemicals before he hit on Salvarsan. Dr. Farber has seen 
things with similar vision for many years. 

He has received many other awards over the years, but we hope this 
award—the Gold Headed Cane of the Association—has special meaning. 
It does to us, because it comes from his peers on the firing lines—of 
doing one's best to give correct diagnoses, of doing one's best to teach 
the truth and find more and newer truths, of trying with finite bodies 
and finite minds and finite resources to keep things going, and get things 
done, and do more and better tomorrow, because we owe it to patients. 
Dr. Farber has shown us what can be done. 

So it is for all these reasons that we present our highest award to 
Dr. Sidney Farber—physician, pathologist, pediatric pathologist, scien- 
tist and student of disease, teacher, visionary, accomplisher, guide and 
friend to all of us. 

BENJAMIN LANDING 


6 LANDING American Journal 
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Il. Lymphoid Cell-Endothelial Interactions During a 
Developing Immunologic Inflammatory Response 


Richard C. Graham Jr, MD and Sarajayne Limpert Shannon 


The interaction of lymphoid cells with vascular endothelium was studied during 
the development of immunologic synovitis in response to repeated intraarticular 
injections of a heterologous protein antigen. Lymphoid cells emigrated in venules 
and small veins, both by penetrating the endothelial cytoplasm and by traversing 
intercellular junctions. Frequent endothelial mitoses were coincident with lym- 
phoid cell emigration. Endothelial cells in the involved vessels increased in number 
and bulged prominently into the vascular lumen. Endothelial nuclei contained 
dispersed chromatin and prominent nucleoli; the cytoplasm contained many 
vacuoles and abundant polyribosomes and rough-surfaced endoplasmic reticulum. 
Intercellular junctions were numerous and complex. These phenomena were 
prominent in rabbits studied after 12 to 16 daily injections; they then receded, 
despite continued antigenic stimulation. In animals studied after 35 or 37 daily 
injections, the venules appeared relatively normal, and lymphoid cell emigration 
was observed infrequently. Growth of new vessels was prominent at this stage. 
The present data do not establish whether the endothelial changes were the cause 
or the result of lymphoid cell emigration, although the latter seems more likely. 
Further studies are needed to elucidate the exact nature of these interactions 
(Am J Pathol 69:7-24, 1972). 


EMIGRATION OF LYMPHOID CELLS across the vascular endo- 
thelium is important to the development of a variety of immunologi- 
cally mediated inflammatory responses. Electron microscopic studies 
of processes which depend largely on cellular immune mechanisms, 
such as tuberculin reactions '? and experimental allergic neuritis,” 
have indicated that lymphocytes leave the circulation by passing 
through the cytoplasm of endothelial cells. In those studies, the major- 
ity of involved endothelial cells were little altered bv this interaction. 
In homograft rejection, striking endothelial changes, including occa- 
sional mitosis, have been reported.*" These changes are thought to be 
a consequence of immunologic attack by host lymphocytes on donor 
endothelium.’ 

The inflammatory reaction of rheumatoid arthritis appears to be 
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mediated, at least in part, by immunologic mechanisms. Lymphocytes 
and plasma cells are prominent in the inflammatory infiltrate,* and 
local immunoglobulin synthesis has been demonstrated in the lesions. 
The stimulus for these immunologic phenomena is unknown; it has 
been suggested that they may represent a response to a persistent 
foreign antigen, perhaps in the form of an infectious agent." The na- 
ture of lymphoid cell-endothelial interactions during the development 
of this type of immunologic inflammatory response is unknown. 

This report describes the interactions between lymphoid cells and 
endothelium which occur during the development of peroxidase ar- 
thritis, a model of the immune inflammatory response to a persistent 
local antigen (horseradish peroxidase ).!' In this inflammatory response, 
which histologically resembles that of rheumatoid arthritis, local spe- 
cific antibody synthesis is demonstrable by ultrastructural cytochem- 
istry. As the reaction develops, lymphoid cells emigrate by penetrating 
the endothelial cytoplasm and by passing through intercellular junc- 
tions. Coincident with lymphoid cell emigration, endothelial cell pro- 
liferation occurs. 


Materials and- Methods 


The experimental procedures used in the production of peroxidase arthritis 
are described in detail in the previous report.!! The results reported here were 
observed in the rabbits described in that report, plus an additional 16 rabbits 
injected daily fer frem 3 to 9 days. Briefly, the shaved knee joints of New Zealand 
white rabbits were injected aseptically with 2 mg horseradish peroxidase (HRPO) 
(type VI, Sigma Chemical Co) in 0.5 ml 0.15 M NaCl. The injections were 
repeated daily for 3 to 37 days. Twenty-four hours after the last injection, the 
rabbits were killed: with an overdose of sodium thiamylal and the knee joints were 
fixed for 4 hours im. 2% formaldehyde and 2.5% glutaraldehyde !? in 0.05 M 
phosphate buffer, pH 7.4, and washed overnight in the same buffer. The synovial 
membrane and subsynovial tissue, medial and lateral to the patella, was dis- 
sected free with a razor blade and cut into 1- to 3-mm thick strips. A portion of 
the tissue was- reacted for cytochemical demonstration of peroxidase activity by 
the method of Graham and Karnovsky.!? The remaining tissue was preincubated 
with HRPO before reaction for peroxidase activity, so that antibody to HRPO 
could be revealed as described by Leduc and her associates.!* All tissues were 
then washed three times in distilled water, fixed for 1 hour in 1€ OsO, in 0.05 M 
phosphate buffer, pH 7.4, dehydrated in ethanol and embedded in Araldite. Thick 
(0.5 u) sections were cut on Sorvall MT-1 or MT-2 microtomes and stained with 
toluidine blue for light microscopy. Thin section were cut on the same microtomes, 
stained with uranyl acetate and lead citrate, and examined in an AEI EM-6B 
electron microscope. 

Sera were obtained from rabbits at the beginning and completion of each ex- 
periment and at intervals during the course of injections. Serial dilutions of sera 
were assayed for antibody to HRPO by double diffusion in agar, and by passive 
hemagglutination, using CE erythrocytes coupled to HRPO with glutaraldehyde, 
as described by Avrameas et al?” 


v 
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Results 


Controls 


The fine structure of the microvasculature in joints repeatedly in- 
jected with diluted autologous serum was indistinguishable from that 
of normal synovial tissue,'^'* and will not be described in detail. In 
general, the superficial vessels (ie, those immediately beneath the syn- 
ovial lining cells) were predominantly capillaries. The attenuated en- 
dothelial cytoplasm of many of these vessels was partially fenestrated, 
with the fenestrations enclosed by thin diaphragms. Among the deep 
vessels, arterioles and venules of various sizes were observed. The 
venules, which had a continuous endothelium, differed in structure 
from those observed in tissues such as skeletal muscle. In subsynovial 
venules, the endothelium often was thicker and contained more abun- 
dant cytoplasmic organelles—notably, rough-surfaced endoplasmic re- 
ticulum and vacuoles. 


Peroxidase Arthritis 


As lymphoid cell emigration occurred and the subsynovial infiltrate 
developed, striking changes were observed in the small blood vessels. 
Superficial capillaries with fenestrated endothelium were rarely seen in 
the more prolonged reactions (those occurring after 35 or 37 daily in- 
jections). Emigration of lymphoid cells occurred in venules and small 
veins; the endothelial cells of these venules and small veins underwent 
striking proliferative and morphologic changes (described in detail 
below). Emigration and the coincident vascular changes were markedly 
focal; extensively involved venules frequently were observed near nor- 
mal venules of similar size. On occasion, extensive emigration and 
endothelial proliferation occurred along one wall of a small vein and 
the remainder of the vein was uninvolved (Figure 1). 

After 4 daily injections of HRPO, the structure of most venules was 
not remarkable. Occasional endothelial cells bulged prominently into 
the vascular lumen. Such cells had dispersed nuclear chromatin and 
prominent nucleoli, and their cytoplasm contained abundant rough- 
surfaced endoplasmic reticulum. 

Occasional lymphoid cells were observed at this stage. Some of these 
cells had the structural characteristics of activated lymphocytes—ie, 
cytoplasm containing many free polyribosomes and moderately con- 
densed nuclear chromatin. Others were similar in appearance except 
that only monoribosomes could be identified within the cytoplasm. 
Such cells were seen most frequently within venular lumens. Some of 
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these had multiple pseudopods which interdigitated with pseudopods 
from an adjacent endothelial cell ( Figure 2). Small numbers of similar 
lymphoid cells were observed in extravascular tissues. Lymphoid cells 
in the process of emigration were seen infrequently at this stage. 

Synovial tissue from rabbits given 6 to 9 daily HRPO injections con- 
tained venules and small veins with increasingly prominent endothelial 
changes. Endothelial cells frequently were observed in mitosis, both by 
light (Figure 3A, 3B) and electron (Figure 4) microscopv. In some 
vessels, the number of endothelial cells appeared to be increased. In 
these vessels, the endothelial cells, which had the active appearance 
described above, often projected prominently into the vascular lumen. 

Perivascular accumulations of lymphoid cells were observed near 
the affected vessels, suggesting that they were preferential sites of 
lymphoid cell emigration. The actual process of emigration was still 
seen rather infrequently at this stage. The emigrating lymphoid cells, 
which were observed, appeared to pass through the cadola] cyto- 
plasm rather than through intercellular junctions. 

The peak of endothelial activity and lymphoid cell-endothelial in- 
teraction was observed in synovial tissues from rabbits given 12 to 16 
daily HRPO injections. Involved venules and small veins, when com- 
pared with normal vessels of similar diameter, contained an increased 
number of endothelial cells. The endothelial cells had a rounded con- 
tour; many of them projected prominently into the lumen, giving the 
endothelium a pseudocolumnar appearance (Figures 5 and 6). Endo- 
thelial nuclei had dispersed chromatin and prominent nucleoli. The 
cytoplasm contained many vesicles and vacuoles and abundant rough- 
surfaced endoplasmic reticulum and free polyribosomes. Adjacent cells 
were extensively interdigitated, as reflected bv the observation of num- 
erous and complex intercellular junctions. Junctional complexes were 
prominent (Figures 5 and 6). Pericytes also were increased in num- 
ber and displayed numerous thin cell processes which projected into 
the surrounding tissue for considerable distances, often in close asso- 
ciation with numerous perivascular lymphoid cells. 

Emigration of lymphoid cells was verv prominent in the involved 
venules and small veins. These cells emigrated in several wavs. Fre- 
quently, lymphocytes appeared to emigrate by trav ersing the endo- 
thelial cytoplasm. In early stages of the process a portion of the lym- 
phocyte, frequently containing its rounded nucleus, was seen to deeply 
indent an endothelial cell ( Figure 7). At this stage, an expanded tail 
of cytoplasm remained within the lumen. I Lvmphoid cells entirely 
within the endothelial cell (Figure 8) appeared to represent a sub- 
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sequent stage in this process. The lymphocytes then appeared to emerge 
from the endothelial cytoplasm by penetratin g the plasma membrane 
of the outer surface of the cell (F igure 9). Other lymphocytes seemed 
to emigrate in a similar manner, except that their course of emigration 
traversed an intercellular junction (Figure 10). It is possible that such 
junctional involvement was actu ally quite common, since extensive 
study of seríal sections would be required to exclude it in sites such 
as those shown in Figures 7-9. 

In altered vessels in which interendothelial junctions were par- 
ticularly numerous and complex, the usual path of emigration of Ivm- 
phoid cells was through junctions. Frequently, activated lymphocytes 
penetrated junctions in a manner resembling that by which they pene- 
trated the endothelial cytoplasm in other sites. In this process, a por- 
tion of the cell containing the rounded nucleus penetrated and widely 
separated the junction, while a tail of cytoplasm continued to protrude 
into the vascular lumen ( Figure 11). Occasionally, however, cells 
emigrating through junctions presented à somewhat different appear- 
ance (Figure 12). In such instances the junctions were less widelv 
separated, and the emigrating cells were elongated with a marked 
constriction in that portion of the cell within the junction. Although 
many of the emigrating cells contained the numerous polvribosomes 
characteristic of activated lymphocytes, others had a predominance of 
monoribosomes in the cytoplasm. No correlation between these differ- 
ences and the mode of emigration could be determined. 

Immunoblasts were observed to emigrate through intercellular junc- 
tions, usually in areas of marked endothelial alteration ( Figure 13). 

Polymorphonuclear leukocytes and monocytes emigrated through 
intercellular junctions, often in the same altered venules which were 
the site of extensive emigration of lymphoid cells. In the altered ves- 
sels, cells within the lumen extended long pseudopods into the narrow 
space between the protruding cell bodies of adjacent endothelial cells. 
This phenomenon was not necessarily associated with evidence of ad- 
herence of the leukocyte to the endothelial surface. Otherwise, emigra- 
tion of polymorphonuclear leukocvtes and monocytes occurred in a 
manner similar to that first described bv Marchesi and F lorey in the 
acute inflammatory response." 


infiltrate was much more extensive than that present after 16 daily 
HRPO injections. Evidence of new vessel formation was frequently 
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noted in the form of endothelial sprouts and incompletely canalized 
vessels. 


Discussion 


The developmental stages of peroxidase arthritis are characterized 
by a very complex series of cellular changes and cell-to-cell interac- 
tions. For convenience, we will discuss certain of these phenomena 
separately before speculating on their interrelationships. 

The striking changes in small veins and venules which occur in 
peroxidase arthritis have no exact counterpart in those types of immune 
inflammation previously studied by electron microscopy. Vascular 
changes reported during homograft rejection ** bear a superficial re- 
semblance to alterations which occur during the development of per- 
oxidase arthritis. In both, the endothelial nuclei become large and 
rounded, with prominent nucleoli. Also common to both is an increase 
in the amount of free polyribosomes and rough-surfaced endoplasmic 
reticulum within the endothelial cytoplasm. Endothelial mitosis has 
been described in rejecting ovine renal homografts,’ but the striking 
degree of endothelial proliferation observed in the present studies has 
not been described. The endothelial changes observed in rejecting 
homografts are generally considered the result of immunologic attack 
by host lymphoid cells upon donor endothelium.* The ultimate result 
is endothelial degeneration. In contrast, in peroxidase arthritis the en- 
dothelium is autologous with respect to the emigrating lymphocytes, 
and endothelial degeneration is inconspicuous even when the reaction 
is prolonged. Thus, it seems likely that the endothelial changes of per- 
oxidase arthritis differ in their pathogenesis : and significance 

Small blood vessels have been studied by electron microscopy in 
several other models of inflammation, the pathogenesis of which, for 
the most part, appears to depend upon cellular immunity. Vascular 
alterations, in general, have not been striking. Wiener and his asso- 
ciates,'? in studies of the tuberculin reaction, described no vascular 
structural changes other than the formation of endothelial processes, 
in venules and small veins, associated with emigration of lymphocytes 
through these vessels. Willms-Kretschmer et al studied hapten-specific 
delayed hypersensitivity and contact dermatitis and found no vascular 
alterations. In experimental allergic neuritis, Åström and his col- 
leagues ? found that most of the endothelial cells appeared normal. In 
a few of the cells, free ribosomes and rough-surfaced endoplasmic 
reticulum were increased and nucleoli were prominent. None of these 
reports mention endothelial proliferation. 
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The reason that endothelial changes, comparable to those observed 
d in the present study, were not seen in the types of immune inflammation 
cited above is uncertain. Perhaps it is relevant that the pathogenesis 
of each depends primarily on cellular immune mechanisms, and that, 
for the most part, the lesions studied were quite early ones. 

Ultrastructural studies of a reaction comparable to peroxidase ar- 
thritis are limited to a report by Movat and Fernando.” These investi- 
gators observed that proliferation of venular pericytes occurred after 
repeated injections of foreign protein into rabbit knee joints. These 
stimulated pericytes, which had prominent nucleoli and abundant 
rough-surfaced endoplasmic reticulum, were thought to detach them- 
selves from the vascular wall and to become ameboid. Unfortunately, 
details such as number of injections and nature of the foreign protein 
were not given, and the endothelial cells were not described. 

Emigration of lymphoid cells during immunologic reactions has been 
described by a number of investigators. In homograft rejection, lym- 
phoid cells and blasts within the vascular lumen are seen with their 
membranes in close apposition to the membranes of endothelial 
cells." Interdigitation of cell processes is common, and apparent points 
of cytoplasmic continuity have been observed.*^ Although blasts have 
been observed to emigrate through intercellular junctions during homo- 
graft rejection,” the mode of emigration of other lymphoid cells is un- 
clear. In some instances they appear to pass through discontinuities 
created by endothelial degeneration. 

In other types of cell-mediated immune inflammation, lymphocytes 
have been observed to emigrate directly through endothelial cyto- 
plasm.?*** Whether this process involves an active role for the endo- 
thelium ??? or the lymphoid cell? has been in dispute. The former 
possibility was suggested by observations, in the tuberculin reaction ? 
and in experimental allergic encephalomyelitis, that rounded, non- 
motile-appearing lymphoid cells were enveloped by long, slender en- 
dothelial cell processes which subsequently fused, incorporating the 
lymphoid cell into the endothelial cytoplasm. In contrast, observations 
made on experimental allergic neuritis ? suggested that the lymphoid 
cell was an active participant in the process of emigration. Initially, 
intraluminal lymphoid cells often displayed a large process, the end of 
which interdigitated with the endothelial cell membrane. Subsequently, 
the lymphoid cells flattened out along the endothelial surface, with 
lymphoid cell processes invaginating the endothelium at multiple sites. 
Emigration of lymphocytes through intercellular junctions was not ob- 
served in these studies. 
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“migration of lymphocytes in peroxidase arthritis differed from that 
described above in a number of respects. First, cells that were clearly 
lymphocytic in nature emigrated through both endothelial cytoplasm 
and intercellular junctions. Lymphocytic emigration by the latter route 
has not, to our knowledge, been reported previously. In part, junctional 
involvement in emigration may have been related to the increased 
number and complexity of junctions in the altered venules of peroxi- 
dase arthritis. In some areas, junctions were so numerous that it is 
difficult to imagine a route of emigration that would not involve con- 
tact with a junction at some point in its course. Indeed, some emigrat- 
ing lymphoid cells resembled those fully encased in endothelial cyto- 
plasm, except that a junction inte rsected the vacuole at some point. It 
is possible that studv of serial sections would reveal that most or all of 
the apparently intraendothelial lymphoid cells would have shown con- 
tact with junctions in some plane of section. In contrast to the above 
Ivmphoid cells, which maintained a generally rounded contour during 
emigration, others emigrated through junctions in a manner similar to 
that of polymorphonuclear leukoevtes and monocytes. These cells be- 
came elongated and showed marked constriction in their intrajunc- 
tional portions. Lymphoid cells emigrating by any of the routes ob- 
served in peroxidase arthritis appeared activ ely motile, supporting the 
observation of Åström and his colleagues? that the lymphocyte is an 
active participant in the process of emigration. 

The striking vascular phenomena of peroxidase arthritis seem to be 
limited to the earlier stages of the developing immune inflammatory 
response. With time they become much less prominent, despite con- 
tinued antigenic stimulation. Despite a marked decline in observable 
lymphoid ell emigration, the number of these cells in the extravascular 
infiltrate continued to increase, presumably because of mitotic activity 
among the cells composing the infiltrate. Endothelial mitotic activity 
continues in the more prolonged reactions, but appears to be chiefly 
directed toward the formation of new blood vessels. Although the ex- 
planation of these sequential changes is unknown, the changes are of 
interest in view of the controversy over the existence of vascular altera- 
tions in lesions of rheumatoid arthritis??? Whether or not such 
changes are found might depend on the stage and activity of the dis- 
ease. 

The relationship of the striking endothelial changes of peroxidase 
arthritis to cellular emigration cannot be established with certainty on 
the basis of the presently available data. Endothelial changes in per- 
oxidase arthritis could be primary and in some manner facilitate lym- 
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phoid cell emigration, or they could occur as a result of the interaction 
of endothelium with lymphoid cells. In support of the latter possibility, 
we have not observed unequivocal endothelial changes in advance of 
emigration of lymphoid cells. Normal recirculation of lymphocytes in- 
volves lymphocytic emigration through lymph node postcapillary ven- 
ules, which have a peculiar pseudocolumnar endothelium ? which in 
some respects resembles the altered endothelium observed in evolving 
peroxidase arthritis. Observations of lymph node postcapillary venules 
by light microscopy ** suggest that the peculiar structure of these ves- 
sels may indeed be the result of lymphocytic emigration. In rats sub- 
jected to neonatal thymectomy, or depleted of lymphocytes by tho- 
racic duct drainage, the postcapillary venular endothelial cells were 
smaller than normal and lacked the usual pyroninophilia. These changes 
were reversible when the lymphocyte-depleted animals were given 
lymphocytes from normal syngeneic donors. This evidence suggests 
that interaction with autologous lymphoid cells may result in stimula- 
tion and subsequent mitosis of endothelial cells. Such an effect could 
result either from physical interaction of the two cell types, or from a 
soluble mediator released by the lymphoid cells. The latter hypothesis 
seems plausible, since lymphocytes are known to elaborate a variety of 
other active substances upon stimulation. In this regard, it is of interest 
that tumor cells have been shown to contain a substance which is 
mitogenic to endothelium." Further studies, including the use of in 
vitro systems, will be required to elucidate the mechanism of the 
lymphoid cell-endothelial interactions described in the present report. 


References 


Il. Wiener J, Zunker HO: A cellular study of tuberculin sensitivity. Am ] 
Pathol 47:723-763, 1965 

2. Wiener J, Lattes RG, Spiro D: An electron microscopic study of leukocyte 
emigration and vascular permeability in tuberculin sensitivity. Am J Pathol 
50:485—521, 1967 

3. Åström KE, Webster H de F, Arnason BG: The initial lesion in experimental 
allergic neuritis: a phase and electron microscopic study. | Exp Med 128: 
469—495, 1968 

4. Williams PL, Williams MA, Kountz SL, Dempster W]: Ultrastructural and 
haemodvnamic studies in canine renal transplants. J Anat 98:545—569, 1964 

9. Porter KA, Joseph NH, Rendall JM, Stolinski C, Hoehn RJ, Calne RY: The 
role of lymphocytes in the rejection of canine renal homotransplants. Lab 
Invest 13:1080—1098, 1964 

6. Feldman [D, Lee S: Renal homotransplantation in rats. L Allogeneic re- 
cipients. | Exp Med 126:783-794, 1967 

7. Pedersen NC, Morris B: The role of the lymphatic system in the rejection 


16 


GRAHAM AND SHANNON American Journal 
of Pathology 


of homografts: a study of the lymph from renal transplants. J Exp Med 
131:936-969, 1970 

Parker F, Keefer CS: Gross and histologic changes in the knee joint in rheu- 
matoid arthritis. Arch Pathol 20:507—522, 1935 

Fish AT, Michael AF, Gewurz H, Good RA: Immunopathologic changes 
in rheumatoid arthritis synovium. Arthritis Rheum 9:267—280, 1966 

Christian CL: Rheumatoid arthritis: etiologic considerations. Arthritis Rheum 
7:455—466, 1964 

Graham RC, Shannon SL: Peroxidase arthritis. I. A model of immuno- 
logically mediated inflammation with ultrastructural cytochemical locali- 
zation of antigen and antibody. Am J Pathol 67:69-94, 1972 

Karnovsky MJ: A formaldehyde-glutaraldehyde fixative of high osmolality 
for use in electron microscopy. J Cell Biol 27:137A, 1965 (Abstr) 

Graham RC, Karnovsky MJ: The early stages of absorption of injected 
horseradish peroxidase in the proximal tubules of mouse kidney. Ultra- 
structural cytochemistry by a new technique. J Histochem Cytochem 14: 
291-302, 1966 

Leduc EH, Avrameas S, Bouteille M: Ultrastructural localization of 
antibody in differentiating plasma cells. | Exp Med 127:109-118, 1968 
Avrameas S, Tandow B, Chivilon S: Glutaraldehyde, cyanuric chloride and 
tetraazotized o-dianisidine as coupling reagents in the passive hemagglutina- 
tion test. Immunochemistry 6:67—76, 1969 

Suter ER, Majno G: Ultrastructure of the joint capsule in the rat: presence 
of two kinds of capillaries. Nature (Lond) 202:920—921, 1964 

Schumacher HR: The microvasculature of the synovial membrane of the 
monkey: ultrastructural studies. Arthritis Rheum 12:387—404, 1969 
Shannon SL, Graham RC: Protein uptake in synovial cells. I. An ultra- 
structural cytochemical study of the fate of intra-articularly injected peroxi- 
dases. | Histochem Cytochem 19:29-42, 1971 

Marchesi VT, Florey HW: Electron micrographic observations on the 
emigration of leukocytes. Q J Exp Physiol 45:343—348, 1960 
Willms-Kretschmer K, Flax MH, Cotran RS: The fine structure of the 
vascular response in hapten-specific delayed hypersensitivity and contact 
dermatitis. Lab Invest 17:334—349, 1967 

Movat HZ, Fernando NVP: The fine structure of the terminal vascular 
bed. IV. The venules and their perivascular cells (pericytes, adventitial cells). 
Exp Mol Pathol 3:98-114, 1964 

Wiener J, Lattes RG, Peare JS: Vascular permeability and leukocyte emigra- 
tion in allograft rejection. Am J Pathol 55:295—327, 1969 

Bubis JJ, Luse SA: An electron microscopic study of experimental allergic 
encephalomyelitis in the rat. Am J] Pathol 44:299—317, 1964 


Kulka JP: The pathogenesis of rheumatoid arthritis. ] Chronic Dis 10: 
388—402, 1959 
Branemark PI, Ekholm PI, Goldie I: To the question of angiopathy in 


rheumatoid arthritis: an electron microscopic study. Acta Orthop Scand 40: 
153-175, 1969 
Marchesi VT, Gowans JL: The migration of lymphocytes through the endo- 


thelium of venules in lymph nodes: an electron microscopic study. Proc 
R Soc Lond [Series B] 159:283—290, 1964 


Vol. 69, No. 1 PEROXIDASE ARTHRITIS 17 
October 1972 


27. Goldschneider I, McGregor DD: Migration of lymphocytes and thymocytes 
in the rat. I. The route of migration from blood to spleen and lymph nodes. 
J Exp Med 127:155-168, 1968 

28. Folkman J, Merler E, Abernathy C, Williams G: Isolation of a tumor factor 
responsible for angiogenesis. | Exp Med 133:275-288, 1971 


Acknowledgments 


Dr. Graham is the recipient of Research Career Development Award AM 42,397 from 
the National Institute of Arthritis and Metabolic Diseases. 


[Illustrations follow] 


18 GRAHAM AND SHANNON American Journal 
of Pathology 


Legends for Figures 


Fig 1— Small vein from synovial tissue taken after 16 daily HRPO injections, illustrat- 
ing the focal nature of endothelial alteration and lymphoid cell emigration. To the left, 
the endothelium is flattened, nuclei are inconspicuous, and few cells are present in 
the perivascular connective tissue. To the right, the endothelial celis are rounded, and 
numerous large, clear nuclei are evident. Polymorphonuclear leukocytes, monocytes 
and immunoblasts are evident in the lumen. One cell, probably an immunoblast, has 
inserted a pseudopod into the altered, pseudocolumnar endothelium. Beneath the 
altered endothelium is an extensive cellular infiltrate (Light micrograph, x 650). 


Fig 2——Portion of venule from synovial tissue taken after 4 daily HRPO injections. 
A lymphocyte (L) in the lumen has multiple small pseudopods which interdigitate 
with similar processes from an endothelial cell (E) (Electron micrograph, x 7200). 


Fig 3A-——Subsynovial venule from a rabbit killed after 6 daily injections of HRPO. 
A mitotic figure is present in one of the endothelial cells (arrow). The remaining 
endothelium appears normal. Polymorphonuclear leukocytes are prominent in the 
surrounding inflammatory infiltrate (Light micrograph, x 800). 3B-—Subsynovial 
venule from a rabbit sacrificed after 6 daily injections. Multiple mitotic figures 
(arrows) are evident in the endothelium. A lymphocyte is present between two 
endothelial cells with mitotic figures (Light micrograph, x 700). 
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Fig 4—Mitotic figure in venular endothelial cell from subsynovial tissue obtained after 4 
daily HRPO injections. Aggregation of chromatin and discontinuity of nuclear membrane 
are apparent. Intercellular junctions between adjacent endothelial cells are intact (arrows). 
Collagen fibers (cf) are present in the perivascular space; L=lumen (Electron micrograph, 
x 8200). Fig 5—Venule from synovial tissue taken after 16 daily HRPO injections. 
Endothelial cells (E) are numerous and project prominently into the lumen. The endothelial 
nuclei have dispersed chromatin and prominent nucleoli; the cytoplasm contains abundant 
rough-surfaced endoplasmic reticulum and frequent vacuoles. Intercellular junctions are 
numerous. An immunoblast (/) lies within the lumen, and several lymphoid cells (L) are 
seen beneath the endothelium (Electron micrograph, x 4500). 





Fig 6—Wall of subsynovial venule from rabbit killed after 16 daily injections of HRPO. 
The pseudocolumnar-appearing endothelial cells (E) display abundant cytoplasmic organ- 
elles and numerous intercellular junctions. An activated lymphocyte (L) is closely apposed 
to two endothelial cells in the region of an intercellular junction (Electron micrograph, 
Xx 11,000). Fig 7—Portion of subsynovial venule from a rabbit sacrificed after 16 daily 


HRPO injections. Part of a lymphocyte (L) containing the rounded nucleus deeply indents 
an endothelial cell (E) (Electron micrograph, x 14,800). 





Fig 8—Portion of subsynovial venule from rabbit killed after 16 daily HRPO injections. Two 
activated lymphocytes (L) appear to be encased within the cytoplasm of an endothelial 
cell (E). The vascular lumen is at the top (Electron micrograph, x 7200). 


Fig 9—Portion of subsynovial venule from tissue taken after 16 daily HRPO injections. A 
lymphocyte (L) appears to be emerging from the abluminal surface of the endothelial cell 
(E). The lumen is at the upper left (Electron micrograph, x 15,000). 


Fig 10—Wall of venule from subsynovial tissue obtained after 16 daily HRPO injections. 
. A lymphocyte (L) is encased within the venular wall. In this case, the vacuole surrounding 
the lymphocyte is continuous with intercellular junctions (arrows). The lumen is at the 
lower left (Electron micrograph, x 15,000). 


Fig 11—Portion of subsynovial venule from tissue taken after 16 daily HRPO injections. 
Numerous complex intercellular junctions (arrows) are present in the endothelium. An 
activated lymphocyte (L) has penetrated one of the junctions. The portion of the lympho- 
cyte already within the junction contains the rounded nucleus. A large tail of rather electron- 
lucent cytoplasm remains within the lumen (Electron micrograph, x 11,000). 





uU 
r 


AA. d 


Tt 
n 
f 


d x 2 » 
— Ale 
oF 





Fig 12—-Subsynovial venule from rabbit killed after 16 daily HRPO injections. 
An activated lymphocyte is seen within a portion of a complex intercellular 
junction. The portion of the lymphocyte within the junction is markedly con- 
stricted (Electron micrograph, x 11,000). Fig 13—Portion of subsynovial 
venule from rabbit killed after 16 daily injections of HRPO. An immunoblast (/) 
is passing through an intercellular junction. Portions of two polymorphonuclear 
leukocytes (P) are seen in the perivascular space (Electron micrograph, x 7500). 


Morphologic Variants of Alcoholic Hyalin 


Hidejiro Yokoo, MD, Odell T. Minick, Fawzia Batti, MD and 
Geoffrey Kent, MD 


Liver biopsies obtained from 24 patients with alcoholic liver disease were studied 
by light and electron micrescopy. Comparisons of the same cells in adjacent 
sections revealed that alcoholic hyalin is a fibrillar deposit without limiting mem- 
branes and is readily distinguished from giant mitochondria. This characteristic 
fibrillar structure was encountered in hepatocytes, ductular cells and in benign 
and malignant hepatomas. Three distinct morphologic forms of alcoholic hyalin 
were observed: a) bundles of filaments in parallel arrays, b) clusters of randomly 
oriented fibrils and c) a granular or amorphous substance containing only scattered 
remains of fibrils. Closely associated with alcoholic hyalin and often found along 
its entire circumference, were bundles of fine filaments in parallel arrangement of 
much smaller size. These occasionally displayed variations in orientation and 
merged with the filaments in the alcoholic hyalin body. Similar fine filaments were 
observed, in considerable excess, in cells which did not contain alcoholic hyalin. 
According to our findings, the fine filaments and the significantly larger filaments 
in alcoholic hyalin could be parts of a contractile system elaborated by host cells 
during the course of hepatic injury (Am J Pathol 69:25—40, 1972). 


ALCOHOLIC HYALIN, first described by Mallory in 1911," i 
an eosinophilic hyalin intracytoplasmic inclusion found chiefly in - 
tients with alcoholic liver disease. Its distinctive morphologic fe atures, 
especially its shape and tinctorial properties, have long been an impor- 
tant aid in the diagnosis of this disease. The inclusions occur in a num- 
ber of other conditions ** and probably are not pathognomonic of al- 
cohol abuse. Nevertheless, they represent a unique reaction of the liver 
cell to injury, and their nature and origin are of considerable interest. 

Electron microscopic studies of Biava,* Flax and Tisdale? and 
others '* have demonstrated the fibrillar character of alcoholic hyalin, 
and there have been suggestions that this material is derived from 
degenerating organelles.*? Others €? have considered this possibility 
unlikely. The present study provides further information on the fine 
structure of alcoholic hyalin and focuses on the fine cytoplasmic filaments 
which were observed along with these inclusions, which in some way 
seem to be related. 
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Material and Methods 


Twenty-two liver biopsies and one autopsy specimen from 23 patients were 
studied. All of the patients had liver disease and a history of chronic alcoholism. 
On light microscopic examination, all showed alcoholic hyalin and varying degrees 
of fatty metamorphosis, fibrosis or cirrhosis. In 3 patients, alcoholic liver disease 
was complicated by malignant hepatoma and in 1 by adenoma or hepatocytic 
hamartoma (autopsy specimen). 

For electron microscopy, three minute portions of liver tissue were fixed in 
Millonig's fixative!? for 1 to 2 hours, dehydrated and embedded in Epon.!*.!* In 
some cases, an additional portion of liver tissue was fixed in 2.5% glutaraldehyde 
buffered to pH 7.4 with 0.1 M sodium cacodylate, postosmicated, dehydrated 
and embedded in Epon. The remaining liver tissue was fixed in formalin for par- 
affin embedding. The paraffin-embedded tissues were sectioned and stained with 
hematoxylin and eosin, periodic-acid-Schiff reagent before and after digestion 
with diastase, and with Masson's trichrome stain. 

Thin sections were stained with uranyl acetate and lead citrate !5 and examined 
with a Philips EM-300 electron microscope. After thin sections were prepared for 
electron microscopy adjacent, l-u-thick Epon sections were cut. These were stained 
with toluidine blue !! and hematoxylin and eosin, and cells containing alcoholic 
hyalin were correlated with those in electron micrographs. 


Results 


Light microscopy of paraffin-embedded material revealed alcoholic 
hyalin as an irregularly outlined cytoplasmic inclusion, typically lo- 
cated around the nucleus. The nucleus stained brightly eosinophilic 
with hematoxylin and eosin and bluish gray with Masson’s trichrome 
stain, occasionally the trichrome stain revealed a central red core and a 
peripheral blue zone. This reaction was seen more often in biopsies 
taken several weeks after admission and may reflect an altered form of 
alcoholic hyalin, the fine structural features of which will be described. 

Cells containing alcoholic hyalin often had large and hyperchromatic 
nuclei with prominent nucleoli; double nuclei were common. The large 
majority of cells containing alcoholic hyalin were swollen and pale, and 
averaged approximately 30 p in diameter. They corresponded to cells 
often described as hydropic.'*"? In patients without cirrhosis, alco- 
holic hyalin was found chiefly in centrolobular areas, particularly 
around central veins. In more advanced liver disease, alcoholic hyalin 
was seen mostly about septums. Glycogen was depleted in most pa- 
tients; however, in approximately 10%, glycogen was abundant and 
also conspicuous within hydropic cells containing alcoholic hyalin. 


Fine Structural Counterpart of Alcoholic Hyalin 

Examination of the same cells in adjacent sections by light and elec- 
tron microscopy revealed that alcoholic hyalin corresponded to non- 
membrane-enclosed arrays of fibrillar material (Figure 1). This tech- 
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nic failed to reveal any correlation between alcoholic hyalin and giant 
mitochondria; in 1- sections stained with hematoxylin and eosin, the 
latter were readily recognized as sharply defined, pink- staining bodies. 


Morphologic Variants of Alcoholic Hyalin 


Three morphologic variants of alcoholic hyalin were discerned 
(Table 1). The first of these (Type 1) occurr ed with moderate fre- 
quency and consisted of bundles of fibrils aligned in parallel arrays 
and which often displayed concentric whorled formations (Figures 2 
and 3). Individual fibrils sometimes exhibited bead-like densities ( Fig- 
ure 2), but showed no definite periodicity. The fibrils measured 90 to 
210 A in diameter and their mean diameter was 141 A (Table 1). In 
all instances, the sizes of fibrils, as compiled in Table 1, were measured 
in at least 15 different bodies by two observers working independently. 

The second variant (Type 2) was the most common as well as the 
most characteristic form of alcoholic hyalin and often made up the en- 
tire bulk of the material. It consisted of a network of nonmembrane- 
bounded, closely packed, randomly oriented fibrils mecs 115 to 
200 A in width. Their mean diameter was 152 A (Figure 4). The fi- 
brils were more electron-dense than those in parallel arrangement 
(Type 1). The two variants of alcoholic hyalin often were found in the 
same body. Their borders usually were well demarcated, but occasion- 
ally were indistinct. Sometimes small irregular islands of randomly 
oriented (Type 2) fibrils appeared within bundles of Type 1 filaments 
(Figure 3), suggesting that these filaments may lose their orientation 
and become Type 2 filaments. 

The third variant (Type 3) was characterized by a further increase 
in electron density and partial (Figure 5), or almost complete, loss of 
fibrillar structure (Figures 6, 7). It was observed most often in speci- 


Table 1—Morphologic Characteristics of Alcoholic Hyalin and Associated Filaments 





Size of fibrils (À) 


Types of Arrangement Electron REY Pete ES 
structure of fibrils - density Mean t 1 SD Range 
Alcoholic hyalin 
Typel Parallel orientation, -+-+ 141 + 42 90-210 
whorled formation 
Type 2 Random orientation +++ 152 + 33 115-200 
Type 3 Loss of fibrillar ++++ = m 
structure 
Fine filaments Parallel orientation, -+ 74+ 21 40-100 


rarely random 
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mens obtained several weeks after the patient's admission and is con- 
sidered to be an altered form of alcoholic hyalin. The material was 
granular or homogeneous; however, careful examination revealed fila- 
mentous structures around the edges or within the mass itself. These 
filaments were often broad in the center and had tapered ends. Type 3 
forms were also closely associated with Type 1 filaments (Figure 5), 
but in other instances, randomly oriented filaments lay between the 
bundles of Type 1 filaments and the smudgy material. 


Fine Filaments Associated with Alcoholic Hyalin 


Not infrequently, the alcoholic hvalin body was closely associated 
with bundles of fibrils in parallel arrangement of much smaller diam- 
eter (Figures 8-11). These fibrils were located about the periphery of 
the body and often surrounded the bulk of alcoholic hyalin material in 
a rim-like fashion (Figures 8 and 9). The fibrils had a mean diameter 
of 74 A, ranging from 40 to 100 A. Some bundles resembled tonofila- 
ments normally present in small numbers in hepatocytes. The fibrils 
were most often arranged in parallel, but in some instances they ran in 
different directions ( Figure 9). Occasionally the fine filaments seemed 
to merge with the larger, randomly or iented fibrils of the alcoholic 
hvalin body ( Figure 8). 

Bundles of fine filaments similar in size and arrangement to those in 
the peripherv of the bodies were sometimes conspicuous in liver cells 
and ductular cells which did not seem to contain alcoholic hyalin 
( Figures 12-14). 


Types of Cells Containing Alcoholic Hyalin 


Bodies with the ultrastructural characteristics of alcoholic hvalin 
were observed not only in hepatocytes but also in bile ductular cells 
( Figures 15 and 16). Alcoholic hyalin was also found within cells of an 
adenoma (Figure 17) and of malignant hepatomas ( Figure 18). 


Fine Structural Counterparts of Hydropic Cells 


When comparing adjacent sections by light and electron microscopy, 
it ien apparent det the enlargement and the pallor of cells which 
contained alcoholic hyalin was caused predominantly by an accumula- 
tion of fat droplets and dilatation of the endoplasmic reticulum (Fig- 
ures 1, 19 and 20). The contributions of these changes, however, 
varied considerably in different cells. Another factor contributing to the 
pale-staining properties of the alcoholic hyalin- -containing cells was 
the occasional abundance of glycogen, as stated earlier. 

Transitions between endoplasmic reticulum and fibrils of alcoholic 
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hyalin were not observed. A frequent finding, however, was the pres- 
ence of a flocculent, electron-dense material within cisternae of the 
endoplasmic reticulum. 


Discussion 


The present study of patients with alcoholic liver disease provides 
further information on the fine structure of alcoholic hvalin and calls 
attention to its frequent association with bundles of filaments of sig- 
nificantly smaller diameter. There has been some doubt regarding the 
identity of alcoholic hyalin and, although most investigators have held 
it to be a fibrillar deposit," the possibility has been considered that 
the material represented enlarged mitochondria?*? Comparisons of 
the same cells by light and electron microscopy in adjacent sections 
leave little doubt that alcoholic hyalin is a fibrillar deposit without a 
limiting membrane and is readily distinguished from giant mitochon- 
dria. The same conclusion was reached by Iseri and Gottlieb '' in their 
study. Material with the ultrastructural characteristics of alcoholic hy- 
alin was observed in hepatocytes, ductular cells and benign and malig- 
nant hepatomas, indicating that the elaboration of alcoholic hyalin does 
not depend upon processes peculiar to hepatocytes. 

The enlargement and pallor so prominent in histologic material in 
many of the cells containing alcoholic hyalin was chiefly caused by an 
accumulation of fat droplets and dilatation of the endoplasmic re- 
ticulum. Rarely, an excess of glycogen contributed to the pale appear- 
ance. In light of these changes, the term hydropic, which is frequently 
used to describe such cells,!*!? does not seem appropriate. 

Alcoholic hvalin occurred in three morphologically distinct forms. 
These forms displayed increasing degrees of electron density and con- 
sisted of: a) bundles of fibrils in parallel arrays, b) a meshwork of ran- 
domly oriented fibrils and c) a granular or amorphous substance con- 
taining only scattered remains of fibrils. The latter was interpreted as a 
more advanced or altered form of alcoholic hyalin. Type 1 and 2 fibrils 
differed chiefly in fibril orientation and density and were approximately 
the same width. Our measurements for Tvpe 2 fibrils agree with those 
reported by Smuckler," but they differ significantly from the much 
smaller dimensions given by Biava.* Because of the relatively large size 
of the fibrils, their derivation from membranes of the endoplasmic re- 
ticulum is questionable. The interwinding of the three morphologic 
variants of alcoholic hyalin and the transition forms occasionally ob- 
served suggest that they are closely related and that fibrils may undergo 
changes in orientation from parallel to random and/or lose their fibril- 
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lar character. No evidence was found, in this study, that products of 
cellular degeneration were the source of the fibrillar deposit. The close 
association of parallel and reticular arrays, the range and average size 
of fibril diameters, and the absence of limiting membranes are further 
evidence against this notion and suggest instead that the material is 
synthesized de novo. 

The most significant structures immediately peripheral to the alco- 
holic hyalin body appeared to be bundles of filaments in parallel ar- 
rangement of much smaller size. These filaments were often conspic- 
uous along the entire circumference of the alcoholic hyalin body. 
Occasionally, they ran in different directions or merged with filaments 
in the alcoholic hyalin body. Similar filaments were found, in excess, 
in hepatocytes and ductular cells not containing alcoholic hvalin. Fine 
cytoplasmic filaments, free or in bundles, considered to have a cyto- 
skeletal function were observed in a variety of cells. Such filaments 
are found in small numbers in hepatocytes and ductular cells around 
nuclei ?^ and have been reported in increased numbers in chole- 
stasis.? Prominent filamentous structures, in straight bundles or in 
whorls, with a similar range of diameter have also been described in 
Yoshida ascites hepatoma ? and in liver cells propagated ín vitro." 
The filaments were assumed to have contractile and stabilizing proper- 
ties and their synthesis was thought to be triggered by changes in cell- 
ular environment.?? 

The association of thick filaments within the alcoholic hyalin body 
with a population of fine filaments is of considerable interest. A wide 
range in the thickness of filaments presumed to play a role in con- 
tractile activities has been observed in muscle and other cell types, in- 
cluding renal parenchymal and interstitial cells."^?? Analysis of re- 
ported measurements indicates that the filaments fall into two main 
groups, those well above 90 À and those generally ranging from 40 to 
80 A; 28 however, whether or not they represent a single population 
of filaments or two chemically distinct classes in most instances is de- 
batable. Two types of filaments, 50 to 70 A and 160 A, were found in 
Amoeba proteus.^ These filaments were considered to be chemically 
distinct and both seemed to be required to produce movement.” The 
160 À filaments were arranged in parallel arrays or in randomly 
oriented clusters and resembled the fibrillar deposit in alcoholic hyalin 
bodies. In motile extracts, furthermore, thin filaments radiated from 
clusters of thick filaments, suggesting that the two types of filaments 
interacted to produce the movement observed. Whether or not the 
large filaments were myosin was not established. 
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In light of present knowledge, alcoholic hyalin would seem to fit into 
the category of cytoplasmic filaments and, in this respect, could be the 
thick component of a two-filament system or part of a single population 
of filaments with widely varying diameters. The chemical nature of the 
material, its functional significance and mechanism of formation still 
need to be established. 


References 


1. Mallory FB: Cirrhosis of the liver. Five different types of lesions from which 
it may arise. Bull Johns Hopkins Hosp 22:69-75, 1911 

2. Smetana HF, Hadley GG, Sirat SM: Infantile cirrhosis: an analytical re- 
view of the literature and a report of 50 cases. Pediatrics 28:107—127, 1961 

3. Nayak NC, Sagreiya K, Ramalingaswami V: Indian childhood cirrhosis: 
the nature and significance of cytoplasmic hyaline of hepatocytes. Arch 
Pathol 88:631—637, 1969 

4. Edmondson HA: Tumors of the liver and intrahepatic bile ducts. Armed 
Forces Institute of Pathology, Section 7, Part 25, 1958, p 49 

9. Norkin SA, Campagna-Pinto D: Cytoplasmic hyaline inclusions in hepatoma. 
Arch Pathol 86:25—32, 1968 

6. Popper H: Comments, Wilson's disease, Birth Defects, Original Article 
Series. Vol 4, No 2. Edited by D Bergsma. New York, The National Founda- 
tion, 1968, p 103 

7. Scheuer PJ: Liver Biopsy Interpretation. Baltimore, The Williams and Wil- 
kins Co, 1968, p 39 

8. Biava C: Mallory alcoholic hyalin: A heretofore unique lesion of hepato- 
cellular ergastoplasm. Lab Invest 13:301—320, 1964 

9. Flax MH, Tisdale WA: An electron microscopic study of alcoholic hyalin. 
Am ] Pathol 44:441—454, 1964 

10. Smuckler EA: The ultrastructure of human alcoholic hyalin. Am J Clin 
Pathol 49:790—797, 1968 

1l. Iseri OA, Gottlieb LS: Alcoholic hvalin and megamitochondria as separate 
and distinct entities in liver disease associated with alcoholism. Gastroenter- 
ology 60:1027—1035, 1971 

12. Schaffner F, Popper H: Electron microscopy of liver, Diseases of the Liver. 
Edited by L Schiff. Philadelphia, JB Lippincott Co, p 66 

13. Millonig G: Advantages of a phosphate buffer for OsO, solutions in fixa- 
tion. J Appl Physics 3:1637, 1961 (abstr) 


14. Luft JH: Improvements in epoxy resin embedding methods. J Biophys 
Biochem Cytol 9:409-414, 1961 


15. Minick OT: Low temperature storage of expoxy embedding resins. Stain 
Technol 38:131—133, 1963 


16. Reynolds ES: The use of lead citrate at high pH as an electron opaque 
stain in electron microscopy. J] Cell Biol 17:208-212, 1963 


17. Trump BF, Smuckler EA, Benditt EP: A method for staining epoxy sections 
for light microscopy. J Ultrastruct Res 5:343-348, 1961 


18. Edmondson HA, Peters RL, Reynolds TB, Kuzma OT: Sclerosing hyaline 


32 


19. 


YOKOO ET AL American Journal 
of Pathology 


necrosis of the liver in the chronic alcoholic. Ann Intern Med 59:646-673, 
1963 

Thaler H: | Leberbiopsie. Berlin, Springer-Verlag, 1969, p 178 

Porta EA, Bergman B], Stein AA: Acute alcoholic hepatitis. Am J Pathol 
46:657—688, 1965 

Steiner JW, Jezequel AM, Phillips MK, Arakawa JK: Some aspects of 
the ultrastructural pathology of the liver, Progress in Liver Disease. Edited 
by H Popper, F Schaffner. New York, Grune and Stratton, Inc, 1965, p 303. 
Ishikawa H, Bishoff R, Holtzer R: Formation of arrowhead complexes with 
heavy meromyosin in a variety of cell types. J Cell Biol 43:312-323, 1969 
Biava CG: Studies on cholestasis—A re-evaluation of the fine structure of 
normal human bile canaliculi. Lab Invest 13:840-864, 1964 

Sternlieb I: Perinuclear filaments and microtubules in human hepatocytes 
and biliary epithelial cells. J Microscopie 4:551-558, 1965 

Bairati A: Submicroscopic structure of Yoshida ascites hepatoma. Cancer 
Res 21:989-992, 1961 

Biberfeld P, Ericsson LE, Perlmann P, Raftell M: Increased occurrence of 
cytoplasmic filaments in in vitro propagated rat liver epithelial cells. Exp Cell 
Res 39:301-305, 1965 

Pollard TD, Susumu I: Cytoplasmic filaments of Amoeba proteus. I. The 
role of filaments in consistency changes and movement. J Cell Biol 46:267— 
289, 1970 

Newstead JD: Filaments in renal parenchymal and interstitial cells. J Ul- 
trastruct Res 34:316—328, 1971 

Pease DC: Structural features of unfixed mammalian smooth and striated 
muscle prepared by glycol dehydration. J Ultrastruct Res. 23:280—303, 1968 
Schaefer-Danneel S: Structurelle und functionelle, Voranssetzungen fuer 
die Bewegung von Ameba proteus. Z Zellforsch Mikrosk Anat 78:441- 
450, 1967 





Fig 1—Electron micrograph of an hepatocyte containing alcoholic hyalin. The inclu- 

sion, indicated by arrows, corresponds to the body observed by light microscopy in 

Insert A (arrow). The inclusion is shown in higher magnification in Insert B and reveals 

da a en structure of alcoholic hyalin (x 4000; Insert A, x 1000; Insert B, x 
). 


Fig 2—Type 1 alcoholic hyalin (clear arrows) showing bundle of fibrils in parallel 
arrangement and displaying whorled formation and bead-like densities in some of the 
fibrils. Us black arrows point to randomly oriented fibrils (Type 2 alcoholic hyalin) 
(x 35,000). 








Fig 3-—Alcoholic hyalin body (Type 1) composed mainly of fibrils in parrallel arrangement 
and containing small islands of randomly oriented fibrils (clear arrows). Black arrows 
indicate an adjacent small mass of randomly oriented fibrils (x 18,000). 
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Fig 4—Type 2 alcoholic hyalin, the most common form, showing network of fibrils in 
random orientation (X 41,000). Fig 5—Type 1, 2 and 3 alcoholic hyalin. Fibrils in 
parallel arrays (light central area) surrounded by fibrils in random orientation. In many of 


these the fibrillar pattern is no longer distinct. Note also marked increase in electron 
density (X 31,000). 
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Fig 6—More advanced form of Type 3 alcoholic hyalin (black arrows). Irregularly outlined 
electron-dense body. Remnants of fibrils are seen in the periphery of the body and within 
the mass (clear arrows) (x 9000). Fig 7—Type 3 alcoholic hyalin (black arrows) 
showing an almost homogeneous structure. Clear arrows indicate remnants of fibrils (X 
9000). Fig 8—Alcoholic hyalin body surrounded by bundles of fine filaments (black 


arrows). In some areas the fine filaments seem to merge with the larger fibrils of the 
body (clear arrows) (x 22,000). 





Fig 9—Alcoholic hyalin surrounded by masses of fine filaments. Clear arrows indicate 
bundles of fine filaments going in different directions (x 29,000). Fig 10— Bundles of 
fine filaments (FF) in perinuclear location closely associated with Type 2 alcoholic hyalin 
showing larger fibrils in random orientation. N=nucleus (x 31,000). Fig 11—Similar 
to Figure 10. Fine filaments (FF) are seen in proximity of Type 2 alcoholic hyalin (X 29,000). 


Fig 12—Fine filaments 
Fig 13—Fine filaments 


14—Abundant fine filaments (FF) in ductular cell not containing alcoholic hyalin body. 
Note resemblance to tonofilaments (TF) attached to desmosome (x 35,000). 





(arrows) in hepatocyte not containing alcoholic hyalin (X 22,000). 
in ductular cell not containing alcoholic hyalin (x 27,000). Fig 
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Fig 15—Alcoholic hyalin in ductular cell (x 2000). Fig 16—Higher power of alcoholic 
hyalin in Figure 15 showing characteristic fibrilar structure (x 15,000). Fig 17A—A liver 
which contains an adenoma (arrow). B—Light microscopy of alcoholic hyalin body 
(clear arrow). C—Electron micrograph of the body (A x 0.5; B x 1100; C x 28,000). 
Fig 18A—Light microscopy of alcoholic hyalin in hepatoma. B—Electron micrograph 
showing Type 2 alcoholic hyalin (A x 1100; B x 22,000). 
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Fig 19—4A hepatocyte which contains alcoholic hyalin. Note large number of fat droplets 
(x 4000). Fig 20—A hepatocyte which contains alcoholic hyalin. Note dilatation of 
endoplasmic reticulum (x 7000). 


Exocytosis of Secretory Organelles from Blood 
Platelets Incubated with Cationic Polypeptides 


James G. White, MD 


The blood platelet release reaction involves the secretion, in parallel, of specific 
chemical constituents stored in intracellular organelles to the plasma without loss 
of substances suggestive of cell damage. The present investigation has employed 
an unusual effect of cationic polypeptides to follow the platelet secretory process. 
When platelets were incubated with polybrene and polylysine, the agents were 
taken up and deposited in cytoplasmic organelles. The matrix of granules devel. 
oped a lattice-like substructure not produced by other chemical agents, and dark 
zones of granules and dense bodies became more electron opaque. Subsequently, 
the platelets exposed to cationic polypeptides underwent the shape change and 
internal transformation similar to that produced by potent aggregating agents. 
Granules and dense bodies appeared in the open canalicular system and were ex- 
truded in a relatively intact state from the altered platelets. No differences were 
observed in the response of normal, afibrinogenemic or thrombasthenic platelets 
to incubation with polybrene and polylysine. The results indicate that cationic 
polypeptides can stimulate the extrusion of secretory organelles, and support the 
previous reports suggesting that channels of the open canalicular system serve 
as conduits for discharging the products of the release reaction (Am J Pathol 
69:41-54, 1972). 


IN THE CouRSE of maximal response to aggregating agents, 
blood platelets extrude several specific chemical constituents without 
losing components which might suggest cell damage or destruction. 
The physiologic process of secretion, or release as Grette termed it, 
involves the transfer of chemical products confined to granules and 
dense bodies inside the platelet to the surrounding plasma. Attempts 
to define the sequence of extrusion have indicated that randomly dis- 
persed organelles are drawn together prior to and during release, and 
ultimately fuse into granular masses after secretion has occurred.*” 
During this process some granules and dense bodies, or their contents, 
appear to be extruded into a serpentine system of channels which is 
continuous with the platelet surface.** The actual transfer of secretory 
products into the open canalicular system, however, has rarely been 
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observed because the substances secreted apparently dissolve on con- 
tact with plasma in the channels. 

The present investigation has utilized a peculiar effect of cationic 
polypeptides to shed further light on this problem. Normal and ab- 
normal platelets incubated with polylysine and polybrene adsorbed 
the agents and transferred them to intracellular organelles. Uptake of 
the cationic polypeptides caused loss of granules and dense bodies. 
Polylysine and polybrene apparently stabilize the organelles so that 
they are expelled in a relatively intact form from the altered platelets 
through the open canalicular system. 


Materials and Methods 


The technics used for obtaining blood in 3.8% trisodium citrate anticoagulant, 
separating platelet-rich plasma (C-PRP) by centrifugation at 200 x g for 20 min- 
utes at room temperature, examining the effects of chemical agents on platelet 
function, and preparing samples for study in the electron microscope were de- 
scribed in previous publications.599 Blood was obtained from normal donors, 
from a patient with afibrinogenemia and three children with thrombasthenia. The 
clinical and laboratory studies in the patients have been described in previous re- 
ports.19-1? Polybrene and polylysine were dissolved in Tris-buffered saline in vari- 
ous amounts so that 0.1 ml added to 0.9 ml of C-PRP would yield a specific 
final concentration. Platelet samples from normal donors and the patients with 
afibrinogenemia and thrombasthenia were combined with either polylysine or 
polybrene at a concentration of 0.1, 0.5 or 1.0 mg/ml of C-PRP. The small amount 
of buffered saline containing cationic polypeptide was layered carefully on the 
surface of the C-PRP, and the sample was not disturbed during a 15-, 30-, or 60- 
minute incubation at 37 C. Control samples of normal and patient platelets were 
incubated with the same volume of buffered saline for similar periods of time. On 
completion of the period of incubation, all samples were fixed in glutaraldehyde 
and osmic acid in the manner described in earlier reports.* 5.9 Thin sections of the 
plastic-embedded platelets were usually stained with uranyl acetate and lead 
citrate to enhance contrast. Observations were made in a Philips 200 electron 
microscope. 

The method used to localize endogenous peroxidase activity in platelets ™ 
is similar to the variation of the Graham-Karnovsky !* procedure utilized by Novi- 
koff and Goldfischer !? to demonstrate catalase in various cells and tissues. Plate- 
lets fixed in a mixture of glutaraldehyde and paraformaldehyde were washed and 
incubated in a solution containing hydrogen peroxide, diaminobenzidine, and 
dimethylsulfoxide at 37 C for 60 minutes at pH 6. The incubated samples were 
washed in buffer, refixed in osmic acid and prepared for study in the electron 
microscope. 


Results 


General effects 

The addition of polylysine or polybrene to samples of citrate platelet- 
rich plasma ( C-PRP) at final concentrations of 0.1, 0.5 and 1.0 mg/ml 
for 15, 30 or 60 minutes did not result in gross aggregation or precipi- 
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tation of the sample. The alterations observed in the platelets were de- 
pendent on the concentration of cationic polypeptides and the dura- 
tion of exposure. Both agents produced essentially identical effects. A 
concentration of 0.1 mg/ml of C-PRP did not induce morphologic 
changes until incubation for 60 minutes. An amount of 1 mg/ml of 
C-PRP produced alterations at 15 minutes, and many platelets were 
damaged or destroyed by 60 minutes. Thus, the low concentrations 
and brief incubation caused changes compatible with those stimulated 
by physiologic aggregating agents triggering platelet release,” while 
the larger amounts and longer exposure to cationic polypeptides caused 
destructive effects in many platelets similar to those observed in cells 
exposed to hypotonic stress, cocaine, detergents or antihistamines.'^* 


Specific effects 


Initial morphologic changes produced in platelets after incubation 
with polylysine or polybrene were evident in the granules (Figure 1A- 
D). Cells retained the discoid shape and internal organization char- 
acteristic of unaltered platelets, but some of the granules were swollen 
and developed an unusual lattice-like appearance in their matrix (Fig- 
ure IA-C). As more platelets and platelet granules became involved 
in the interaction with cationic polypeptides, the cells lost their discoid 
form and became irregular with multiple pseudopods (Figures 1D, 2A). 
More of the granules were affected in these cells and manifested the 
unusual changes in matrix substructure. Dense zones of the membrane 
bound organelles appeared more electron opaque as did the serotonin- 
rich dense bodies derived from granules (Figure 1C, D). Channels of 
the open canalicular system were frequently dilated in the irregular 
cells and often contained dense and light particles identical in con- 
sistency to granules and dense bodies (Figures ID, 2C, D). 

Many of the platelets in samples exposed to 0.1 mg of cationic poly- 
peptide for 60 minutes, to 0.5 mg for 30 or 60 minutes and to 1 mg for 
15 to 30 minutes manifested alterations similar to those induced by 
potent aggregating agents (Figure 2A). The platelets were irregular 
in form and most of the organelles were concentrated in the cell centers. 
In many cells the granules and contractile gel were fused in a central 
mass (Figures 2F, 3A-F ). 

The alterations described above were accompanied by a phenome- 
non of particular interest. Particles of dense bodies and granules ap- 
pearing in the open canalicular system during the physical changes 
induced by cationic polypeptides remained intact (Figures 1D, 2B-F). 
As the platelet alterations progressed, the granule and dense body 
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fragments were observed in various stages of extrusion from channels 
of the canalicular system (Figures 2B-F, 3A-F). The fragments of 
intraplatelet organelles were frequently accompanied by matrix ele- 
ments revealing the peculiar lattice structure caused by uptake of 
cationic polypeptides. 

Cationic polypeptides are known to cause the gelling of fibrino- 
gen;"* it was important to determine if the absence of fibrinogen would 
affect the results of this study in normal cells. Incubation of platelets 
from a patient with congentital afibrinogenemia with polylysine and 
polybrene under the same conditions as normal cells produced identi- 
cal results ( Figures 1C, 3A). 

Polybrene and polylysine fail to stimulate immediate irreversible 
aggregation of thrombasthenic platelets.!??? Therefore, platelets from 
3 patients with thrombasthenia were incubated with cationic polypep- 
tides at the same concentrations and durations of exposure as normal 
cells. The changes in form, internal transformation and extrusion of 
organelles were indistinguishable from alterations in normal control 
platelets ( Figures 1A, 2C, F, 3B). 

The possibility that all of the findings were due to cell damage was 
also considered. Cationic polypeptides have been shown to stimulate 
the physiologic platelet release reaction by one group, and to cause 
leakage of chemical constituents suggestive of cell damage by another. 
In the present study, platelets were examined for peroxidase activity 
after exposure to polylysine at a final concentration of 1 mg/ml of 
C-PRP for 30 minutes. Endogenous peroxidase was easily defined in 
the platelets after exposure to polylysine (Figure 1E). The electron- 
dense reaction product of peroxidase activity was confined specifically 
to channels of the dense tubular system as it is in normal platelets. 


Discussion 


Several years ago Lalezari and Spaet recognized the capacity of 
cationic polyelectrolytes to agglutinate blood platelets," and subse- 
quently several groups of workers have studied the effects of positively 
charged polymers on platelet aggregation. 77 However, the influ- 
ence of cationic polypeptides on platelet structure after incubation with 
the agents for various intervals of time has apparently not been eval- 
uated previously. Our interest was stimulated by the observation that 
the cationic polypeptides, polylysine and polybrene, failed to cause im- 
mediate irreversible aggregation in stirred samples of platelets from 
patients with thrombasthenia, but did produce the shape change and 
internal transformation induced in the abnormal cells by collagen and 
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other potent aggregating agents." This finding indicated that cationic 
polypeptides must have an influence on platelets beyond their capacity 
to initiate immediate aggregation. 

The results of the present investigation support this hypothesis. 
Polylysine and polybrene produced physical changes in normal and 
abnormal platelets in a time and concentration dependent manner. 
Larger amounts and long incubation produced damaged platelets, 
while low concentrations and relatively short incubations caused 
changes similar to those induced in the cells by potent aggregating 
agents. Polylvsine and polybrene were taken up by platelets and de- 
posited in the granules and dense bodies. Granules became swollen, 
and their matrices developed a lattice-like substructure not present 
in the organelles of normal platelets,” or cells exposed to other drugs. 
Dense bodies and dark zones in granules developed a more electron- 
opaque appearance following incubation with polybrene and polyly- 
sine. 

The interaction of the cationic polypeptides with platelet orga- 
nelles had a striking effect on their stability, particularly during secre- 
tion. Fragments of granules and dense bodies were observed in chan- 
nels of the open canalicular system and in the process of extrusion 
from platelets incubated with polylysine and polybrene. The expelled 
organelles were not enclosed by membranes but were frequently ac- 
companied out of the cell by the lattice-like matrix material observed 
in intact granules. Intact dense bodies and masses of granular sub- 
stance were evident at the periphery of the cells or detached from 
the platelets in the surrounding plasma. Substances from dense bodies 
and granules have occasionally been identified in open channels during 
the phase of platelet release in previous investigations,’ but this is 
the first time that significant numbers of secretory organelles have 
been identified in the process of extrusion in a relatively intact form 
without their enclosing membranes. 

The possibility that cationic polypeptide interaction with fibrinogen 
produced the alterations in platelets required consideration, since the 
agents are known to produce non-thrombin-dependent conversion of 
fibrinogen to fibrin gel.’* When afibrinogenemic platelets were incu- 
bated with either polylysine or polybrene the cells developed the same 
sequence of alterations produced in normal platelets after exposure 
to these agents. It is doubtful, therefore, that fibrinogen is the sub- 
strate for the action of cationic polypeptides on platelets, or the sub- 
stance responsible for the stability of the secretory organelles during 
their extrusion from the cells. Thrombasthenic platelets also responded 
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in a manner identical to normal and afibrinogenemic platelets during 
incubation with polybrene and polylysine; the significance of this find- 
ing, in view of the failure of cationic polypeptides to induce immedi- 
ate aggregation in stirred samples of thombasthenic platelets, has been 
discussed in a previous report.” 

Cationic polypeptides are known to stimulate surface membrane 
activities of various kinds in many different types of cells.^*?^ The 
most frequent effect is to cause an increase in cell stickiness resulting 
in subsequent agglutination. Positively charged polypeptides prob- 
ably adhere to negatively charged cell walls, reduce the net negative 
surface charge and appear to form macromolecular bridges linking 
cells together in aggregates. Polylysine, polybrene and other cationic 
polyelectrolytes also stimulate the processes of pinocytosis, channel 
formation and phagocytosis, and alter membrane permeability. These 
effects have been related to a bridging of areas of the surface mem- 
brane by macromolecular complexes formed between cationic poly- 
peptides and components of the exterior coat on cell walls, but may 
also reflect a response of the cell to irritation or injury. Membrane phe- 
nomena activated by cationic polypeptides do not require energy from 
the cell and are not blocked by metabolic inhibitors. 

The effects of polylysine and polybrene on blood platelets observed 
in this investigation are unusual. Cationic polypeptides do not appear 
to be taken up and deposited in neutrophil or eosinophil cytoplasmic 
organelles, and do not cause fusion or discharge of granules from 
these cells. However, the response of platelets is not unique. Padawer 
has shown that polylysine produces analagous effects in mast cells 
from the rat.” When polylysine was incubated with mast cells at a 
concentration of 1 mg/ml or injected intraperitoneally, the agent was 
taken up and transferred to intracellular granules. Mast cell granules 
were stabilized by polylysine and remained intact despite subsequent 
partial fusion and discharge from the cell. The degranulation caused 
by polylysine did not appear lethal to the mast cell, for multiple stages 
in recovery were observed in material obtained after intraperitoneal 
injection of the agent. 

Jenkins et al** have demonstrated that polylysine causes immedi- 
ate irreversible aggregation, in stirred samples of blood platelets, which 
is independent of ADP, calcium, energy metabolism or platelet shape 
change. Polylysine did not trigger the parallel release of serotonin, 
ATP or ADP from platelet granules, but did induce the leakage of 
adenine nucleotides and other substances suggestive of cell injury from 
the platelet cytoplasm. Electron micrographs of polylysine-induced 
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aggregates revealed a tight mosaic of platelets with electron-dense 
material between adjacent cell membranes. Platelets in the aggregates 
retained their complement of granules and dense bodies, even though 
other cytoplasmic constituents appeared to be lost in some cells. 
Massini and Luscher”? have also studied the effects of polylysine on 
blood platelets. They concluded that close cell contact alone was suf- 
ficient to stimulate platelet secretion, and that products characteristic 
of the release reaction were made available from platelets aggregated 
by polylysine. 

The experiments described in this report have examined the effects 
of cationic polypeptides on platelets during incubation in unstirred 
systems in order to avoid aggregation. Under these conditions platelets 
exposed to high concentrations of polybrene and polylysine de- 
veloped changes indicative of irreversible damage, while cells exposed to 
smaller amounts for brief periods revealed alterations similar to those 
produced in platelets by aggregating agents capable of inducing the 
platelet release reaction.’ During evolution of the apparent physiologic 
transformation resulting in extrusion of secretory organelles, the 
mitochondria and the other cytoplasmic structures remained relatively 
unaltered, and peroxidase activity demonstrated by a cytochemical 
method" retained its specific localization in undilated channels of 
the dense tubular system. These findings suggest that cationic poly- 
peptides can stimulate the extrusion of secretory organelles from 
morphologically and cytochemically intact platelets, while, at the 
same time, it is clear that the agents can also cause irreversible cell 
injury under more drastic conditions. The unusual propensity of cationic 
polvpeptides to stabilize secretory organelles during extrusion from 
platelets may interfere with chemical determinations for products of 
the release reaction made after immediate aggregation in stirred sys- 
tems. Aggregation induced by cationic polypeptides occurs so rapidly 
that secretory organelles may be trapped within the interstices of the 
tightly packed mosaic of clumped platelets. Since the organelles re- 
main intact despite extrusion into the channel system, their products 
would remain with the pellet of aggregated cells and not appear in the 
supernate after centrifugation. Chemical analysis of secretory products 
under these conditions could be misleading. 

In conclusion, the present investigation has shown that polypeptides 
stimulate phvsical alterations in platelets during incubation in un- 
stirred systems which resemble closely the changes induced by ag- 
gregating agents. One striking difference is the tendency of polybrene 
and polylysine to deposit in cytoplasmic organelles, alter their struc- 
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tural appearance and stabilize the granules and dense bodies in a 
relatively intact state during extrusion from the transformed platelets. 
The findings support previous investigations ^* which indicated that 
products secreted during the platelet release reaction leave the cell 
through channels of the open canalicular system. 
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Legends for Figures 


Fig 1A and 1B—-Early stages in the uptake of cationic polypeptides by blood plate- 
lets. The cell in Figure 1A is from a sample of thrombasthenic citrate platelet-rich 
plasma (C-PRP) fixed 15 minutes after exposure to polybrene (PB) at a concentration 
of 1 mg/ml. Microtubules (MT) retain their usual location at the poles of the discoid 
platelet. Elements of the open canalicular system (OCS) are slightly dilated. Granules 
(G) and other cytoplasmic structures are randomly dispersed as in normal platelets. 
The granule indicated (arrow) has developed a mottled appearance characteristic of 
the early uptake of cationic polypeptide. The platelet in 1B is from a sample of normal 
C-PRP incubated with polylysine (PL) at a concentration of 0.5 mg/ml for 30 minutes. 
The circumferential band of microtubules (MT) is sectioned in the equatorial plane 
close to the cell surface. Several of the granules (G) and the outside surface of the 
cell appear relatively more electron dense than the cytoplasmic matrix due to uptake 
of PL. The granule indicated (arrow) has the same mottled matrix as the organelle in 
X Da SO organization is obscured by the electron opacity (1A, x 35,600; 1B, 
x : i 
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Fig lC-——Platelet from. a sample of afibrinogenemic C-PRP incubated with PB 
(0.1 mg/ml) for 60 minutes. The cell contains a dense body (DB). Two granules 
(arrow) exhibit swelling and the lattice-like alteration of substructure characteristically 
produced by uptake of cationic polypeptide (x 29,000). 


Fig 1D—-Piatelet from sample of normal C-PRP incubated with PL (0.5 mg/ml) 
for 30 minutes. Dense bodies (arrow) and fragments of dense bodies appear to 
occupy dilated membranous channels or vacuoles. The channel occupied by one 
dense body fragment (starred arrow) is in continuity with the cell surface (x 25,200). 


Fig lE—Platelet from sample of normal C-PRP fixed after 30 minutes incubation 
with PL (1.0 mg/ml) and subsequently stained for endogenous peroxidase activity. 
Lattice-like alterations in the matrix of granules (G) can readily be identified. Dense 
reaction product at sites of peroxidase activity is localized specifically to channels 
of the dense tubular system (DTS) (x 28,700). 


Fig 2A and 2B—-The platelet in 2A is from a sample of normal C-PRP incubated 
for thirty minutes with PB (0.5 mg/ml). Discoid form has been lost and the surface 
contour is irregular. Organelles are concentrated in the cell center and enveloped 
by a close fitting band of microtubules (MT). Mitochondria (M) appear well preserved. 
A fragment resembling a dense body is present on the outside surface of the cell 
at the base of the illustration. The platelets in 2B are normal cells incubated for 
30 minutes with PL (0.5 mg/ml). Several stages in the exocytosis of dense bodies 
are apparent, and two are indicated (arrows) (2A, x 24,900; 2B, x 23,800). 


Fig 2C and 2D—The thrombasthenic platelet in 2C was exposed to PB (0.5 mg/ml) 
for 30 minutes. Dark zones of swollen granules and dense bodies are relatively 
more electron opaque. Fragments of a granule or a dense body are in the 
process of extrusion from a channel of the open canalicular system (arrow). The 
normal platelet in 2D combined with PL (0.5 mg/ml) for 30 minutes is almost 
identical to the cell in 2C. Fragments of granules or dense bodies embedded in 
lattice-'ike matrix material are in the process of exocytosis (arrow) (2C, x 24,900; 
2D, x 25,200). 


Fig 2E—-An afibrinogenemic platelet fixed 60 minutes after incubation with poly- 
brene (0.1 mg/ml). Two masses of electron-opaque material resembling dense 
bodies are in the process of exocytosis from this cell (arrow). Other structural 
components of the platelet appear well preserved. 


Fig 2F—Platelet from sample of thrombasthenic C-PRP incubated with PL (0.5 
mg/ml) for 1 hour. Dense zones of granules in the process of exocytosis are sur- 
rounded by lattice-like matrix material (arrow). Internal transformation is complete 
in this cell, and residual organelles are fused in a mass of filamentous elements 
formed by the contractile gel (CG) (x 24,300). 


Fig 3A and 3B—-Platelets in 3A and 3B are from samples of afibrinogenemic 
and thrombasthenic C-PRP, respectively, fixed after incubation with PB (0.5 mg/ml) 
for 60 minutes. The alteration in granule substructure produced by uptake of 
cationic polypeptide, and the exocytosis of granules and matrix material (arrow) 
are evident in the two examples (3A, x 25,600; 3B, x 24,700). 


Fig 3C and 3D-——Normal platelets from samples of C-PRP incubated for 1 hour 
with PL (0.5 mg/ml). The loss of discoid shape and internal transformation are 
advanced in these cells, and the contractile gel (CG) is concentrated in the cell 
centers (3C, x 27,400; 3D, x 26,200). 


Fig 3E and 3F—The normal platelet in 3E was exposed to PB (0.5 mg/ml) for 1 
hour, and the normal cell in 3F to PL (1 mg/ml) for 30 minutes. A mass of granular 
material (arrow) is in the process of exocytosis from a channel of the open canali- 
cular system (OCS) in 3E. The contractile gel (CG) is concentrated in the center 
of this cell and in the platelet in 3F. Dense bodies (arrows) appear to be the prin- 
cipal structures being extruded from the cell in 3F. Residual mitochondria (M) in this 
platelet appear well preserved (3E, x; 24,900; 3F, x 25,600). 
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Experimental Visceral Aspergillosis 


Herschel Sidransky, MD, Sheldon M. Epstein, MD, Ethel Verney, MS 
and Claire Horowitz, BS 


Studies conducted to gain insight into the pathogenesis of experimental aspergillo- 
sis indicated that mice pretreated with cortisone acetate and then injected intra- 
peritoneally with nongerminating spores of Aspergillus flavus developed a high 
incidence of lethal visceral hyphal aspergillosis. A similar, high incidence of fatal 
infections was observed in cortisone-treated animals in which the number of peri- 
toneal macrophages had been increased by prior injection of thioglycollate. To 
determine whether germination of spores within the host was important to the 
subsequent development of disseminated hyphal aspergillosis, germinating spores of 
A flavus were injected intraperitoneally into normal animals. While a similar dose 
of nongerminating spores, administered intraperitoneally into normal mice, induced 
a low incidence of lethal injection, germinating spores induced a high incidence of 
fatal disease associated with widely disseminated visceral hyphal aspergillosis. Our 
studies indicate that phagocytic cells in the peritoneal cavity of normal mice are 
able to ingest nonperminating spores of A flavus and kill them, preventing 
germination. However, the phagocytic cells are unable to cope with early germinat- 
ing spores, which then continue to proliferate, leading to extensive hyphal invasion 
of visceral organs and death (Am ] Pathol 69:55-70, 1972). 


THE INCREASING INCIDENCE, in recent vears, of secondary in- 
fections due to opportunistic fungi, such as Aspergillus, Mucor and 
Candida, has been well documented.’ It is apparent that these infec- 
tions usually occur in chronically debilitated patients treated. with 
potent therapeutic agents. In aspergillosis, infections develop in a 
variety of organs, including the lung, gastrointestinal tract, brain, liver 
and kidney.” 

To gain insight into the pathogenesis of human infections due to 
opportunistic fungi, a number of studies have been conducted, using 
experimental models of such disease in animals.!'^-!* In our laboratory 
we previously have been concerned with Aspergillus flavus infections of 
the lung °= and brain ?? of mice. In studies with pulmonary aspergillo- 
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sis, we found that normal mice that inhaled viable spores of A flavus are 
resistant to lethal infection, while mice pretreated with corticosteroids 
and exposed to spores develop a high incidence of fatal hyphal bron- 
chopneumonia.'? Based upon our earlier studies, 7 we concluded that 
alveolar macrophages play an important role early in the host response 
to inhaled spores. By acting to stabilize biologic membranes, as sug- 
gested by others,**** corticosteroid treatment may interfere with the 
interaction of lysosomes with phagocytized spores, thus interfering with 
the intracellular destruction of spores, thereby allowing them to germi- 
nate. In considering the possible importance of early germination of 
spores within alveolar macrophages of steroid-treated mice in the 
pathogenesis of lethal pulmonary aspergillosis, we decided to conduct 
further studies designed to evaluate this observation. After unsuccessful 
attempts at administering germinating spores of A flavus into the lungs 
of mice, we were forced to utilize a different route and site of adminis- 
tration. Suspensions of nongerminating (resting) as well as germinating 
spores of A flavus were injected into the peritoneal cavities of normal 
mice. Morphologic and biologic studies were conducted and responses 
to the administration of the same organism under two different stages of 
growth and development were compared. Whether cortisone would 
alter the susceptibility of mice to lethal infection after the intraperito- 
neal administration of nongerminating spores of A flavus was also in- 
vestigated. 


Material and Methods 


White female mice (Swiss strain from the Weizmann Institute and CF, strain 
from Carworth Farms) were used in the experiments. Treated mice received 5 or 
10 mg cortisone acetate, subcutaneously, 2 days before the spores were injected. 
Untreated control mice were injected with spores at the same times as the cortisone- 
treated mice. 

Spores of Aspergillus flavus were of the same strain used in earlier studies.19-25 
Nongerminating (resting) spores were diluted in sterile saline, counted in a 
hematocytometer and injected intraperitoneally. Mice received 1.95 to 5 x 109 
spores which were collected by vacuum suction from dried cultures of A flavus 
grown on Sabouraud's dextrose agar plates, as described previously.!? 

To stimulate the induction of peritoneal macrophages, mice received 3 ml Difco 
Fluid Thioglycollate Medium (3%), intraperitoneally, 4 days before they received 
the spores. In earlier studies,?? it was shown that this medium induced a marked 
increase in the number of peritoneal macrophages. 

To obtain germinating spores, resting spores were inoculated into Difco Czapek 
broth, which was then incubated in an water bath, with shaking, at 30 C for 
the intervals given in Tables 3 and 4. Mice were injected intraperitoneally with 
resting spores in broth (taken before incubation), germinating spores after different 
intervals of incubation or with the broth alone. 

Animals were necropsied shortly after death or after they were killed at selected 
intervals. For routine histologic study, visceral organs were fixed in 10% formalin 
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and paraffin sections stained with hematoxylin and eosin and with Gridley stain.*° 
Cells obtained from peritoneal washings were centrifuged and the pelleted cells 
stained with hematoxylin and eosin. 


Results 


In the first series of experiments, the effect of cortisone on the devel- 
opment of fatal visceral aspergillosis was investigated in mice that 
received varying numbers of nongerminating spores of A flavus intra- 
peritoneally. Table 1 summarizes the results of experiments in which 
control and cortisone-treated animals received 1.25 x 109 to 5 x 10° 
spores intraperitoneally. The results indicate that pretreatment with 
cortisone caused a high incidence of deaths from visceral aspergillosis, 
especially at higher concentrations of spores. 

To determine whether peritoneal macrophages of cortisone-treated 
mice react to the injected spores differently than do cells of control 
mice (as was observed earlier with alveolar macrophages *); in one 
experiment, control and cortisone-treated mice ( 10 mg cortisone acetate 
2 days before) were injected intraperitoneally with nongerminating 
spores ? of A flavus and killed 17 hours later. After sterile isotonic 
saline was injected intraperitoneally, peritoneal cells were aspirated 
from animals of each group. Pooled specimens from each group were 
centrifuged and the pellets stained. Intracellular spores were seen in the 
pellets of both groups. In cells from cortisone-treated animals, occasional 
germinating spores were seen intracellularly. In cells from control ani- 


Table 1—Effect of Cortisone Acetate on Fatal Visceral Aspergillosis in Mice Receiving Non- 
germinating A flavus Spores Intraperitoneally 


Death with 
Cortisone acetate* intraabdominal 
No. of mice (mg) No. of spores aspergillosist 

7 5 1.25 x 106 2 (2995) 
7 0 1.25 x 105 0 

8 5 2.5 x 105 6 (75%) 
6 0 2.5 x 10° 0 

19 5 5x 10 12 (6395) 
20 0 5 x 106 0 

18 10 5 x 105 17 (94%) 
18 0 5 x 105 0 


* Cortisone acetate was administered subcutaneously 1 or 2 days before exposure to 
spores. 

T Deaths occurred between 3 and 10 days after exposure to nongerminating spores; 
diagnoses were made after histologic examination 
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mals, spores frequently were surrounded by pale areas, giving the in- 
terior of phagocytic cells a moth eaten appearance. 

Another series of experiments was conducted to determine whether 
pretreatment with thioglycollate, intraperitoneally, to stimulate in- 
creased numbers of peritoneal macrophages, would influence the devel- 
opment of lethal visceral (abdominal) aspergillosis in control or 
cortisone-treated mice subsequently injected, intraperitoneally, with 
nongerminating spores of A flavus. Since it has been demonstrated that 
cortisone decreases circulating leukocytes as well as tissue mono- 
cytes, ??^?! it became of interest to investigate whether animals contain- 
ing increased numbers of peritoneal macrophages, despite cortisone 
treatment, would behave the same or differently after the spores were 
injected intraperitoneally. The results of these experiments are sum- 
marized in Table 2. Even though thioglycollate stimulated the number 
of intraperitoneal macrophages, subsequent treatment with cortisone 
before nongerminating spores were injected intraperitoneally led to an 
incidence of lethal infections essentially as high as that in animals not 
pretreated with thioglycollate ( Table 2). 

In experiments designed to determine whether germinating spores 
of A flavus would cause visceral hyphal aspergillosis, nongerminating 


Table 2—Effect of Cortisone Acetate on Fatal Visceral Aspergillosis in Mice in Which In- 
creased Numbers of Peritoneal Macrophages were Stimulated by Thioglycollate and then 
Treated with Nongerminating A flavus Spores Intraperitoneally 





Deaths with 

intraabdominal 
Thioglycollate Cortisone aspergillosis 

No. of medium* acetate! "MÀ 
Mice (3 ml) (mg) No, of spores No. % 
13 + 5 5 x 105 10 77 
13 + 0 5 x 105 2 15 
9 0 5 5 x 10° 7 78 
10 0 0 5 x 10* 0 0 
28 + 10 5-7 x 108 26 93 
21 + 0 5-7 x 10° 0 0 
8 0 10 5-7 x 105 8 100 
8 0 0 5-7 x 10° 0 0 





* Mice received 3 ml Difco Fluid Thioglycollate Medium (3%), intraperitoneally, 4 days 
before receiving spores 

t Cortisone acetate was administered subcutaneously 1 day before exposure to spores 

f Deaths occurred between 3 and 10 days after exposure to nongerminating spores; 
diagnoses were made after histologic examination 
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and germinating spores, obtained by incubation in a liquid medium 
for varying intervals, were injected intraperitoneally into mice. The 
results of two experiments are summarized in Table 3. It is apparent 
that when equal concentrations of spores (nongerminating and germi- 
nating, incubated for 4.2 to 10 hours in liquid media) were administered 
intraperitoneally, germinating spores caused the highest incidence of 
lethal infections. Moreover, the incidence of lethal visceral aspergillosis 
increased the longer the spores were incubated in vitro. Histologic 
studies revealed inflammatory infiltrations along with hyphal invasion, 
particularly in the per isplenic region and also in the perirenal regions 
in animals that died from lethal infections after they received germinat- 
ing spores. 

In subsequent experiments, nongerminating spores were incubated 
in a liquid medium for 7 hours to obtain germinating spores. The results 
of two experiments, in which two concentrations of nongerminating and 
germinating spores were administered to mice, are summarized in Table 
4. It is apparent that a higher incidence of lethal visceral hyphal 
aspergillosis infection developed in mice treated with germinating spores 
than in those treated with similar concentrations of nongerminating 
spores. Although some control animals died after the broth alone was 
administered, histologic examination revealed that in only one instance 
was death caused by fungal invasion. On the other hand, visceral 
hyphal invasion, as summarized in Table 4, was seen in mice that 
received spores. 


Morphologic Alterations Associated With Fatal Visceral Aspergillosis 
Gross Findings 


At necropsy, in all groups a number of gross alterations commonly 
were noted in animals that died with viscer al hyphal aspergillosis. The 
parietal and serosal peritoneum appeared moist, dull grey to grey-black 
and were focally mottled with small-to-large areas of friable, fibrinous 
exudate. Nodular green-grey to yellow-tan granulomas or abscesses were 
found throughout the abdominal cavities of animals that died within 7 
days after they had received spores intraperitoneally. In addition, exten- 
sive intraabdominal fibrosis, with frequent adhesions between visceral 
organs were found in animals that died after a week. Abscesses involv- 
ing the livers, kidneys and perisplenic areas were often noted in both 
preceding groups. The largest lesions were found in the perihilar region 
of the spleen and in the perirenal areas. Also, infarcts of the kidneys 
were also observed; some were wedge-shaped with the base to the 
periphery and others were localized in the medullary areas and grossly 
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Table 3--Influence of Type of Spores (Nongerminating and Germinating) of A flavus Ad- 
ministered Intraperitoneally on Incidence of Fatal Visceral Aspergillosis in Mice 


No. of deaths 
(weeks after treatment) 
ADA a intraabdominal 


Total hyphal aspergillosis 
No. of — 
Treatment mice 1 2 No. % No. 96 
Nongerminating spores 10 1 1 2 20 1 10 
4.2-hour Germinating 
Spores 10 2 3 5 50 2 20 
7-hour Germinating spores 10 5 2 7 70 7 70 
8.5-hour Germinating 
spores 10 4 3 7 70 7 70 
Nongerminating spores 6 1 1 2 33 2 33 
10-hour Germinating 
spores 10 6 0 6 60 6 60 


resembled renal papillary necrosis. In many animals, the pancreases 
were hyperemic, swollen, focally necrotic and the peripancreatic fat 
was mottled with numerous small, white-to-yellow, chalky deposits. In 
some animals that died 2 to 4 weeks after receiving spores and in others 
killed at the end of the experiment (after 29 days), the kidneys were 
multicystic; when these kidneys were sectioned, the medullary areas 
were dilated and the cortical areas were compressed. 


Table 4—Influence of Different Doses of Spores (Nongerminating and Germinating) of A 
flavus Administered Intraperitoneally on Incidence of Fatal Visceral Aspergillosis in Mice 











No. of deaths Intraab- 
(weeks after treatment) dominal 
— — ~ hyphal 

Total aspergillosis 

Treatment and No. of No. of — -— ——— 
organisms administered" mice 1 2 No. % No. % 
Nongerminating spores (10 x 10°) 10 1 4 5 50 1 10 
Germinating spores (10 x 105) 10 3 3 6 60 2 20 
Nongerminating spores (10 x 107) 10 1 2 3 30 1 10 
Germinating spores (10 x 107) 10 7 2 9 90 7 70 
Broth alone — 10 2 1 3 30 1 10 
Nongerminating spores (10 x 105) 10 3 1 4 40 3 30 
Germinating spores (10 x 10°) 10 1 3 4 40 4 40 
Nongerminating spores (10 x 107) 10 3 1 4 40 4 40 
Germinating spores (10 x 107) 10 9 0 9 90 9 90 
Broth alone — 10 2 2 4 10 0 0 


* Germinating spores were incubated in a liquid medium for 7 hours 


Vol. 69, No. 1 VISCERAL ASPERGILLOSIS 61 
October 1972 


Histopathologic Findings 


Microscopic examination revealed alterations in the perietal and 
serosal peritoneum, interabdominal fat, spleen and its perihilar area, 
kidneys, adrenals, pancreas, liver and lungs. The frequency of organ 
involvement is summarized in Table 5. Hyphal invasion of numerous 
organs was observed readily. Hyphae penetrated fibro-fatty tissue, the 
spleen (Figure 1), kidneys (Figure 2), adrenals (Figure 3), pancreas 
(Figure 4) and stomach (Figures 5, 6). Vascular permeation by hyphae 
and numerous thrombi in both arteries and veins frequently were found. 
This was accompanied by infarction of the parenchyma supplied by the 
involved vessels. All tissues or organs with hyphal invasion showed a 
sparse-to-dense degree of acute inflammatory reaction with frequent 
foci of necrosis and infarction. Fibrous tissue permeated with acute and 
chronic inflammatory cells and hyphae (Figures 5 and 6) frequently 
caused the serosa of the stomach to adhere to the splenic capsule. Exten- 
sive hyphal invasion was seen in the spleen. The perihilar region of the 
spleen generally contained the most numerous aggregates of germinat- 
ing or nongerminating spores. Acute and chronic lesions were seen in 
the kidneys. The acute renal lesions consisted of pyelonephritis and/or 
infarction. Hyphal invasion, along with an acute inflammatory reaction, 
was most marked at the peripheral portions of the kidneys in animals 
that died early; extensive hyphal infiltration was observed in animals 
that died after a week or more. Renal infarction involved all portions 
of the kidneys. The chronic renal lesions were observed in animals that 


Table 5—Organ Involvement of Mice Dying with Visceral Hyphal Aspergillosis After Intra- 
peritoneal Administration of Nongerminating or Germinating Spores of A flavus 


No. of lesions in mice dying after spores injected 








—— icra et 


Nongerminating spores Germinating spores 
Organ (6 deaths) (36 deaths) 

No. o No. o6 

Liver 1 17 8 22 
Kidney 5 83 24 66 
Spleen — — 7 19 
Pancreas — — 7 19 
Adrenal — — 5 14 
intestinal tract — — 5 14 
Lung — — 1 3 
Heart — — 1 3 
Uterus — — 1 3 
Ovary — — 1 3 
Oviduct — ues 1 3 


rennet eines EEEE E a 
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died or were killed after 3 or more weeks. The lesions consisted of 
marked dilation of the medullary portions of the kidneys, with cystic 
spaces lined by stratified squamous or transitional epithelium sur- 
rounded by fibrotic parenchyma containing lymphocytes. The renal 
cortical areas were compressed and fibrotic. The adrenals were invaded 
peripherally by hyphae that extended from the periadrenal fat, which 
contained many hyphae and acute and chronic infammatory cells ( Fig- 
ure 3). Inflammation and necrosis (F igure 4) were found in the pan- 
creas. Focal subcapsular as well as deep parenchymal abscesses and/or 
granulomas containing hyphae and hyphal invasion of vessels with areas 
of hepatic infarction were observed in the liver. The lungs were normal 
usually, except for a few instances in which thromboemboli containing 
hyphae were noted in arteries and veins but were usually unassociated 
with pulmonary infarction (Figure 7). Ocassionally, hyphae invaded the 
heart and genital organs. 


Selected Morphologic Differences Under Various Experimental Conditions 


In general, the preceding gross and microscopic findings were ob- 
served in most of the mice that died with visceral hyphal aspergillosis. 
However, certain differences were observed, depending upon experi- 
mental conditions, and these will be cited. 

Control mice injected intraperitoneally with nongerminating spores 
and sacrificed after different intervals (beyond the first day—ie, days 
3 and 5) contained numerous granulomatous foci, with central necrosis, 
in the perihilar areas of the spleens. These granulomas contained non- 
germinating spores surrounded by acute and chronic inflammatory cells 
with many mononuclear macrophages (Fig. 8). In mice killed 3 or 
more days after they received nongerminating spores, the granulomas 
were circumscribed by fibrous tissue. Other organs did not appear to 
be involved, and no spore germination, hyphal infiltration or parenchy- 
mal damage were observed. In comparison, control mice that received 
germinating spores, and also cortisone-treated mice that received non- 
germinating or germinating spores, had more advanced lesions in the 
perisplenic areas as well as lesions in the spleen and in other organs 
(Figures 1-7). The lesions were diffuse and contained hyphae, which 
showed extensive invasion. Many animals died from hyphal aspergillosis 
with organ involvement, as described previously. 

In general, as an overall appraisal of the lesions in animals under 
different experimental conditions, it appeared that the earliest and most 
extensive lesions occurred in cortisone-treated mice that received ger- 
minating spores intraperitoneally. In cortisone-treated mice that received 
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nongerminating spores intraperitoneally, visceral lesions were as exten- 
sive as in the previous group, but deaths occurred somewhat later. In 
control mice that received germinating spores intraperitoneally, lesions 
appeared to develop somewhat more slowly and were less extensive 
than in the previous two groups. 


Sequential Histopathologic Changes After Nongerminating and Germinating Spores 


To study the sequence of pathologic changes after the intraperitoneal 
injection of spores (nongerminating or germinating ), mice in one experi- 
ment were treated with nongerminating spores, germinating spores or 
broth, and then 5 animals from each group were killed after 1, 3 or 5 
days. The animals inoculated with spores received 24 X 10° nongermi- 
nating or germinating spores in 1 ml of broth. The histologic findings in 
the three groups, after the different intervals, were as follows: 

Animals Receiving Broth Alone. On day 1 there was an inflamma- 
tory cell infiltrate, consisting predominantly of lymphocytes, with only 
a few polymorphonuclear cells and monocytes, in perisplenic, peri- 
hepatic and/or perirenal regions in all 5 mice of this group. By day 5, 
the inflammatory response had decreased in intensity. 

Animals Receiving Nongerminating Spores. On day 1, many spores 
were present, along with predominantly lymphocytic infiltrate, in the 
perisplenic, perihepatic and/or perirenal areas in 5 mice. On day 3, two 
animals had perisplenic granulation tissue and a few germinating spores 
were found in only one animal. On day 5, one animal had germinating 
spores perirenally, with short hyphae penetrating into a kidney; a second 
animal had a walled-off area of germinating spores retroperitoneally. 

Animals Receiving Germinating Spores. On day 1, four animals had 
mild perihepatitis, 2 had pancreatitis and 2 had perisplenic granulation 
tissue. On day 3, in addition to the lesions described at day 1, one animal 
had pyelonephritis. On day 5, perisplenic lesions were prominent with 
some hepatic abscesses in 2 mice and all of these lesions were infiltrated 
and invaded with hyphae. 


Discussion 


The results of this study indicate that mice pretreated with corti- 
costeroids and then injected intraperitoneally with nongerminating 
spores of Aspergillus flavus develop a high incidence of lethal visceral 
hyphal aspergillosis. This occurs even after the number of peritoneal 
macrophages has been increased by prior injection of thioglycollate. 
Histologically, it appears that shortly after the spores are ingested by 
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peritoneal phagocytes (ie, after a moderate number of spores are 
inoculated intraperitoneally), those in the cells of cortisone-treated ani- 
mals germinate intracellulary, while those in the cells of control animals 
are arrested and do not germinate. The intraperitoneal injection of 
germinating spores of A flavus into normal animals leads to a high 
incidence (significantly higher than with nongerminating spores) of 
lethal visceral aspergillosis. 

Our present results are consistent with the previous impression, based 
on studies with cortisone-treated mice exposed to the inhalation of 
aerosols of nongerminating spores of A flavus,” that germination of 
spores may play an important role in the early pathogenesis of the 
disseminated disease which leads to lethal infection. This stresses the 
importance, under normal conditions, of the host's ability to mobilize 
its phagocytic cells to destroy the ingested organism. Furthermore, it 
is vital that the digestive system within the phagocytic cell, centering 
around the lysosomes and their enzymes, functions effectively. If not, 
spores of A flavus germinate intracellularly, and the host's response to 
germinating spores is much more limited than its response to resting 
spores. 

The results of this study, which reveal that the administration of 
cortisone enhances the susceptibility of mice to lethal infection after 
nongerminating spores of A flavus are injected intraperitoneally, are 
consistent with an earlier report by Mankowski and Littleton." Man- 
kowski '! also demonstrated that intraperitoneal administration of mucin, 
along with resting spores of an Aspergillus species, enhanced the suscep- 
tibility of mice to lethal infection. Although the mechanism by which 
mucin acts has not yet been clarified, it has been shown to play a role 
in enhancing the infectious process of bacteria and of other fungi.” 

To our knowledge, this report is the first demonstration that germi- 
nating spores of À flavus, administered intraperitoneally to normal mice, 
are capable of inducing a high incidence of lethal infection. This evi- 
dence is in accord with and further supports earlier observations in 
studies with experimental pulmonary aspergillosis,” which suggested 
that the germination of spores within alveolar macrophages of cortisone- 
treated mice was important in the pathogenesis of lethal infection. 
Likewise, studies by Sheldon and Bauer,” using alloxan-diabetic rabbits 
exposed subcutaneously to spores of Rhizopus, indicated that delayed 
degranulation of tissue mast cells appeared to be associated with the 
ability of spores to germinate and proliferate and thus infect the experi- 
mental animals. Thus, it appears that once organisms are allowed to 
germinate and proliferate within the cells and tissue of the visceral cav- 
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ity, lungs or subcutaneous tissue, the response of the host is much more 
limited, and severe infection may then ensue. 


indiscriminately through structures, such as bronchial cartilage and 
arterial walls. Similar hyphal invasion and penetration into visceral 
organs was observed in this study. This invasion, occasionally without 
any detectable tissue response, suggests that the invading organisms 
may be liberating digestive or proteolytic enzymes which enable them 
to penetrate rapidly. It is recognized that hyphae of many strains of 
Aspergilli produce numerous enzymes when grown in various media.” 
It is interesting to speculate that one or many of the enzymes elaborated 
by germinating spores and hyphae, but not by nongerminating spores 
of A flavus, contribute to the organism's invasiveness, as well as to the 
host's decreased responsiveness to the organism, when it gains entrance 
into the body. Experimental studies are needed to clarify whether these 
speculations do occur during the pathogenesis of experimental Aspergil- 
lus infection. 
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[ Illustrations follow ] 





Fig 1—Spleen from cortisone-treated mouse that received germinating spores of A flavus 
intraperitoneally 4 days before death. Note hyphal involvement of perisplenic tissue with 


invasion of spleen (Gridley stain, x 230). Fig 2—Kidney from normal mouse that 
received germinating spores of A flavus intraperitoneally 4 days before death. Hyphae are 
proliferating throughout cortex of kidney (Gridley stain, x 230). Fig 3—Adrenal from 


cortisone-treated mouse that received germinating spores of A flavus intraperitoneally 4 
days before death. Note inflammatory cell infiltration of periadrenal tissue with hyphae, 
some of which are invading into adrenal. One capsular vessel shows hyphal invasion 
(H&E, x 230). Fig 4—Pancreas of normal mouse that received germinating spores of 
A flavus intraperitoneally one day before being killed. Note dense acute inflammatory cell 
infiltration with invading hyphae and necrosis of acini (H&E, x 230). 
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Fig 5—Stomach and spleen of cortisone-treated mouse that received germinating spores of 
A flavus intraperitoneally 4 days before death. Stomach (stratified squamous portion) is ad- 
herent to spleen by inflammatory cell reaction containing hyphae (H&E, x 45). Fig 6— 
Stomach from mouse described in Figure 5. Note extensive hyphal invasion of gastric wall 
(Gridley stain, x 230). Fig 7—Lung of cortisone-treated mouse that received germinat- 
ing spores of A flavus intraperitoneally 6 days before death. Hyphae are present within ves- 
sels and some are invading adjacent lung parenchyma (Gridley stain, x 230). Fig 8— 
Spleen of normal mouse that received non-germinating (resting) spores of A flavus intraperi- 
toneally 3 days before being killed. Note granuloma in perisplenic tissue (H&E, x 45). 
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Morphologic Study of the Participation of the 
Complement System in Hyperacute Rejection of 
Renal Xenotransplants 


Jaime E. Mejia-Laguna, MD, Adolfo Martinez-Palomo, MD, Carlos E. 
Biro, MD, Bibiana Chávez, BS, Fernando López-Soriano, MD and 
Marcelo García-Cornejo, MD 


The role of polymorphonuclear leukocyte (PMN) and platelet infiltration in the 
hyperacute rejection of renal xenotransplants was studied. In a first group, a dog 
kidney was grafted to rabbit recipients with intact immune adherence and chemo- 
taxis. À second group included recipients depleted of PMN's with nitrogen mustard, 
and in a third group, immune adherence and chemotaxis were modified by deplet- 
ing the third component of complement by means of cobra venom factor. Serial 
kidney biopsies were studied with light and electron microscopic technics, A 
semiquantitative evaluation of PMN and platelet glomerular infiltration indicated 
that a reduction in the number of PMN’s or platelets is associated with an increased 
survival time of the transplanted kidney (Am J Pathol 69:71-78, 1972). 


IN RECENT YEARS an increasing number of studies have dealt 
with the morphologic changes that appear during the hyperacute 
rejection of renal xenotransplants. Interest in this type of rejection 
derives chiefly from the similarity with the acute phases of human 
kidney allotransplant rejection.'~ 

The presence of polymorphonuclear leukocytes (PMN's) in the 
glomerular capillaries of kidney xenografts represents one of the early 
morphologic manifestations of acute rejection.*> Glomerular infiltration 
with PMN’s is accompanied by an important reduction in circulating 
PMN’s.® Infiltration of renal cortical tissue with leukocytes has also 
been found during the acute phases of renal allograft rejection, both in 
experimental animals** and in human allotransplants.'-*? In addition to 
PMN’s, platelet glomerular thrombi are present in the kidney of sensi- 
tized allograft recipients.'? In xenografts, the number of platelets in 
the efferent circulation has been found to be lower than that in the 
afferent renal circulation.” 
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Taking these results into account, it was deemed important to study 
the relationship among graft survival time, PMN, and platelet infiltra- 
tion. A first group of xenografts included recipients with intact immune 
adherence and chemotaxis mechanisms. In a second group, circulating 
PMN's were depleted in the recipient by means of nitrogen mustard. 
In a third group, studies were done on kidney biopsies of recipients 
treated with cobra venom factor to modify immune adherence and 
chemotaxis through depletion of complement system. The results dem- 
onstrate that the survival time of the kidney xenograft is related to the 
presence of PMN and platelet glomerular infiltration. 


Material and Methods 


Normal young Beagle dogs were used as kidney donors, and adult rabbits of 
either sex were used as recipients. Surgical procedures involved in transplanting the 
dog kidney to the rabbit have been described in detail in a previous publication.? 
Dogs with abnormal urinary findings were not used as donors. A total of 14 
xenotransplants were carried out in three different groups: a) kidney transplants 
from a normal dog to a normal untreated rabbit; b) kidney transplants from a 
normal dog to a rabbit rendered leukopenie by means of nitrogen mustard (1.73 
mg/kg, 72 hours prior to the graft) and c) kidney transplants from a normal dog 
to a rabbit treated with cobra venom factor (1.6 mg total protein, 12 to 24 hours 
before transplantation) to deplete C, and thus modify immune adherence and 
chemotaxis. 11 

After surgical manipulations, zero time of kidney transplant was established as 
the time when the arterial clamps were released. Kidney biopsies were subsequently 
taken at 10, 20 and 30 minutes. A fourth biopsy was taken 15 minutes after 
urinary flow ceased; in some cases, biopsies were also taken 2 minutes after 
reestablishment of blood flow into the transplanted organ. Control biopsies were 
obtained from the contralateral kidney of the donor immediately after laparotomy. 
The criteria used to evaluate kidney rejection included: the presence of brownish 
discoloration of the kidney surface, collapse of surface vessels, edema, cyanosis and 
cessation of urinary flow. Wedge-shaped biopsy specimens approximately 5 x 2 x 3 
mm were obtained and immediately fixed in 2.5.2 glutaraldehyde in 0.1 M phos- 
phate or cacodylate buffer, pH 7.3, for 15 minutes. Smaller fragments were cut 
and fixation in glutaraldehyde was continued for 1 hour. After postfixation in 1% 
osmium tetroxide for 1 hour at room temperature, specimens were dehydrated in 
alcohol and embedded in Epon. All blocks were sectioned for light microscopy; 
9 to 63 kidney corpuscles (average 14.4) were studied in each biopsy specimen. 
Semithin sections were stained with toluidine blue and studied for the presence of 
PMN's and platelets in glomerular loops, and for modifications of mesangial cells 
and mesangial matrix. A total of 76 biopsies were studied; the total number of 
glomeruli examined with the light microscope was 1110 (286 from controls, 824 
from grafts). Selected glomeruli were sectioned for electron microscopy, stained 
with uranyl acetate and lead citrate and examined with a Zeiss EM 9-S electron 
microscope. 


Results 


The morphologic findings in biopsy specimens of the three groups 
of renal xenotransplants are presented in Table 1. In each group the 
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number of glomeruli examined, the number of intracorpuscular PMN’s, 
the index of PMN's to glomeruli and the presence of intraglomerular 
platelets are presented, comparing the data found in control specimens 
with that observed in the grafted kidneys. 

The average survival time for each group was considerably extended, 
both for the nitrogen mustard-treated group and for the cobra venom 
factor-treated group. In the first group, which included recipients with 
intact immune adherence and chemotactic mechanisms, the average 
survival time (taken as the time until urinary flow ceased) was 17.6 
minutes (15 to 25 minutes). When recipients were depleted of leuko- 
cytes with nitrogen mustard, the average survival time of the graft 
increased to 76.2 minutes (23 to 110 minutes); in the cobra venom- 
treated group, the survival time was prolonged to 74.8 minutes (50 to 
126 minutes). 

The degree of PMN infiltration in the glomeruli of the transplanted 
kidney (Figure 1) was compared with the ratio PMN's to the number 
of glomeruli found in controls for each group. In the normal recipient 
group, the index was 0.3307 in controls and 0.5714 in the grafts. This 
difference is statistically significant (P > 0.01). 

In the nitrogen mustard-treated group, the index of PMN's to 
glomeruli was found to be significantly lower (P > 0.01) in the trans- 
planted kidneys, whereas in the cobra venom-treated group, a slight 
increase in this index was observed. The latter is not statistically sig- 
nificant ( P — 0.1). 

The presence of intraglomerular platelets (Figures 2, 3) was evalu- 
ated semiquantitatively (+ to +++-+). No platelet thrombi were 
found in 286 control glomeruli from the three different groups. Intra- 
glomerular platelet thrombi were found in the normal recipient group 
and the nitrogen mustard-treated group. Platelets were not found in 260 
glomeruli of the cobra venom-treated group. 

In addition to the PMN's and platelet infiltration observed with light 
and electron microscopy, an important increase in the amount of 
mesangial matrix was found in most grafted kidneys. However, a sim- 
ilar change was observed in control kidneys subjected to surgical manip- 
ulations, which included variable periods of anoxia, as well as perfusion 
of heparinized saline solution at 4 C. 


Discussion 

In a previous report, our demonstration of a significant delay in the 
rejection of renal xenotransplants in leukopenic recipients suggested 
that PMN's play an important role in the hyperacute rejection of kidney 
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xenografts. Present morphologic findings tend to str engthen this view, 
since the number of intraglomerular PMN’s increased after tr ansplanta- 
tion in untreated recipients. In addition, the increased survival time 
observed in leukopenic recipients was related to a diminution of the 
PMN to glomeruli ratio. 

These results are in agreement with the observations of Linn et al ° 
and Mejia-Laguna et al*'"* concerning xenograft rejection and those 
of Lindquist et al^? Kincaid-Smith,’ Porter et al’ and Weymouth et al? 
pertaining to acute allograft rejection. They are, in fact, a concrete 
example of the more general phenomenon of PMN infiltration in 
complement-mediated inflammatory processes such as the Arthus 
phenomenon !* and the marked decrease of this infiltration upon 
depletion of C, during treatment with cobra venom factor." 

The survival of kidney xenografts in these experiments was equally 
prolonged in rabbits treated with cobra venom factor and in those 
treated with nitrogen mustard. This, in conjunction with the fact that 
glomerular platelet thrombi were present in the latter group and not 
in the former, would seem to indicate that PMN infiltration, not platelet 
thrombi, was chiefly responsible for the delay in onset of rejection. The 
presence of platelet infiltration may be related to the AgAbC phagocytic 
property of platelets.'* 

Since rabbit platelets have immune adherence receptor sites on their 
surface," and in view of the fact that no glomerular platelet thrombi 
were found in C,-depleted rabbits, it seems likely that immune adher- 
ence was the cause of platelet aggregation. If so, the platelet thrombi 
found in human allograft rejection may have been attracted by a dif- 
ferent mechanism, since human platelets do not participate in immune 
adherence.” 

Taking these results into account, the semiquantitative estimation of 
PMN and platelet infiltration in biopsy specimens of the transplanted 
kidneys can be a useful method for evaluating the evolution of the 
rejection process in human allografts. 
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Fig 1—All figures represent sections from biopsy specimens of dog kidneys transplanted to 
untreated normal rabbits. Peripheral portion from a renal corpuscle showing the presence 
of a typical PMN within a glomerular loop. Notice the abundant glycogen deposition and 
the numerous dense cytoplasmic granules. Two nuclear segments are present (N) (uranyl 


and lead, x 21,000). 
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Fig 2—Renal corpuscle from a biopsy specimen taken 30 minutes after the graft was com- 
pleted. Abundant platelets (arrow) are found within a peripheral glomerular loop (toluidine 
blue, x 1200). Fig 3—Same material as for Figure 2. The presence of intraglomerular 
platelets (arrows) is confirmed with the electron microscope. E —endothelial cell; P=podo- 
cyte (uranyl acetate and lead, x 5000). 


A Comparative Immunohistochemical Study of Splenic 
Arterial Hyalinosis in Health and Disease 


Raj K. Gupta, MD, FCAP, R. Schuster, BS and W. D. Christian, FIMLT 


Hyaline deposits in arterioles and arteries of spleen were studied immunohisto- 
chemically. Hyaline lesions in arteriosclerotic heart disease were characterized by 
significant deposits of IgG, IgM, B1C-6 1A-globulins and p-lipoproteins. These 
corresponded to histochemically stained deposits of acid mucopolysaccharides and 
microscopic areas of musculoelastic tissue damage in the hyaline masses. While, 
in young adults and a few other cases of other diseases, an occasional granular 
to linear deposit of IgG, IgM, 81C-8 1A-globulin and f.lipoprotein was noted, no 
localization of IgA, rabbit antihuman fibrin and rabbit antihuman fibrinogen was 
seen. A variety of other histochemical staining reactions were found to be negative. 
These findings suggest that: a) hyaline deposits in splenic arterioles and arteries 
occur with greater severity in patients with hypertensive and arteriosclerotic heart 
disease; b) a possible abnormality related to filtration defects in arteries and 
arterioles, resulting in the trapping of plasma proteins, appears likely; c) increased 
localization of acid mucopolysaccharides and destruction of musculoelastic tissue 
is not an uncommon feature in hyaline masses; d) fibrin is not a component of 
these deposits and e) further study of other organs is necesary to observe the com- 
position of hyaline in arterioles and arteries (Am J Pathol 69:79-88, 1972). 


SIMPLE HYALINOsIS primarily affects the arterioles and ar- 
teries and may be defined as a degenerative lesion characterized by 
granular to homogeneous eosinophilic deposits in relation to the in- 
tima impinging on the smooth muscle of the media, without inflamma- 
tion or necrosis of the vessel wall. For many years, the composition of 
these deposits has been the subject of many studies,’ yet the exact 
nature of the hyaline material has not been defined conclusively. This 
may be attributed, in part, to a lack of organized structural component 
in this material. Recent studies using electron microscopy have com- 
pared these deposits to basement membranes,*^" while others have 
suggested that plasma constituents (plasma proteins) leaking from 
circulating blood may be responsible for the formation of the de- 
posits."**? Based on iamunsiluorescent studies and histochemical ob- 
servations, it has been postulated that the hyaline material is composed 
of fibrin and y-globulins.**" 
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Considering that the morphogenesis of arteriolar hyalinosis, despite 
many studies, remains somewhat controversial, a comparative study in 
spleens from patients with a variety of common diseases and from 
healthy subjects was designed with the following objectives in mind: 
a) study the deposits histochemically, to determine whether they con- 
tain significant amounts of amyloid, fibrin, lipids, carbohydrates, pro- 
teins and common minerals; b) note whether fluorescein conjugates of 
rabbit antihuman fibrinogen, immunoglobulins IgG, IgM and IgA, f- 
lipoproteins and 81C-Bl1A-globulin (complement) were localized in 
hyaline deposits, and whether these corresponded to histologic or max- 
imal histochemically stainable areas of affinity in vessel walls; c) com- 
pare significant differences in the appearances of hyaline material, if 
any, in healthy subjects and in patients with common disease condi- 
tions and d) elucidate if the above findings suggest a possible etio- 
pathogenetic mechanism to explain the composition of hyaline depos- 
its. 


Materials and Methods 


Fifty spleens from a selected group of subjects, ranging from 5 hours to 90 
years of age, were studied. The spleen was selected because the incidence of 
hyalinosis in the organ is known to be high. The tissue was collected from autopsies 
within 4 to 6 hours after death or after an operation. Twenty samples of tissue from 
the spleens of subjects from birth to 30 years of age (nondiseased group) were 
included. The cause of death in all these subjects was accidental; there was no 
anatomic evidence of a disease process. The remaining 30 subjects (diseased 
group) died during the course of common clinicopathologic illnesses; these in- 
cluded: malignancies in 5; arteriosclerotic heart disease in 5; liver cirrhosis in 4; 
pneumonias in 5; polycystic disease of the kidneys in 1; obstructive respiratory 
disease in 5 and cerebrovascular accidents (hypertensive) in 5. Two or three 
random samples of spleen were collected from each subject. 

The tissues were fixed in 10% buffered normal saline for 2 days and processed by 
a standard technic through an autotechnicon. After the tissues were embedded in 
paraffin, 5- sections were cut and stained with hematoxylin and eosin. For histo- 
chemical procedures, each section was studied utilizing procedures described by 
Gurr ° and by Lillie 1° (Table 1). 

The immunofluorescent staining procedure was carried out according to the 
method of Coon and Kaplan in all 50 spleens selected for study. Fresh samples 
of splenic tissue were trimmed, then quick-frozen in CO, and stored at a tempera- 
ture between —40 to —60 C. Sections were cut at 54 in a Lab Tek cryostat and 
were air-dried at room temperature for 1 hour after they were mounted on clean 
glass slides. These were rinsed for 5 to 10 minutes in several changes of phosphate- 
buffered saline at pH 7.2. Immunofluorescence reagents, labeled with fluorescein 
isothyocyanate, included antibodies reactive with human IgG, IgA, IgM, B1C- 
DIA-globulin, f-lipoprotein, rabbit antihuman fibrin and rabbit antihuman fibrin- 
ogen. These were purchased from Hyland or Hoechst Laboratories and were 
pretested for monospecific a reactivity by immunoelectrophoresis before conjuga- 
tion with fluorchrome. Tissue sections were covered with a few drops of directly 
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Table 1---Summary of Histochemical Procedures 





Lipids (frozen sections of fresh, unfixed tissue) 
Saturated oil red O in isopropanol (neutral lipids) 
Sudan black B saturated in 90% ethanol (acid lipids) 
Nile biue sulfate (acid and neutral lipids) 
Luxol fast blue in 95% ethanol 
Carbohydrates (paraffin-embedded sections) 
Periodic acid-Schiff (PAS) reaction with and without digestion (diastase, sialadase and 
hyaluronidase) 
Alcian blue (AB) at pH 2.5 
Hale's colloidal iron 
Proteins (frozen sections of fresh, unfixed tissue) 
Tyrosine (Millon reaction) 
Dihydrodinaphthyldisulfide method (Barnett-Seligmann reaction) 
Miscellaneous (paraffin-embedded sections) 
Elastic tissue stain (Weigert and Verhoff's methods) 
Phosphotungstic-acid-hematoxylin stain (Bohacek and Gupta's modification)! 
Masson's trichrome stain 
Congo red, toluidine blue method (using cross polarization technic)? and thioflavin T 
stain (amyloid) 
Alizarin S stain 
Perl's iron stain 
Picro Mallory's stain (fibrin) 





applied, fluorescent-labeled antibodies, incubated in a moisture chamber for 45 
to 60 minutes at room temperature, washed 3 to 4 times in phosphate-buffered 
saline (10 minutes each) and, after brief drying, were coverslipped with buffered 
glycerol. Immunofluorescence in tissue sections was immediately studied and photo- 
graphed using a Leitz microscope equipped with a Leicaflex camera, and HBO 
Osram mercury vapor light source, a 2 mm BG12 exciter filter and a 510 y barrier 
filter. 

Ten control sections of spleen were stained and: a) reacted with fluorescein- 
labeled antisera from which y-globulin had been precipitated; b) reacted with 
conjugated serum of unrelated specificity; c) treated with labeled antibodies ab- 
sorbed with specific antigens or treated with unlabeled antiserum first and then 
with respective labeled antibodies, to demonstrate specific inhibition. 


Results 


Light Microscopy 


In this study, uniform homogeneous deposits of hyaline material 
were noted in the wall and subendothelial spaces in 90% of the arteries 
and arterioles of the 10 subjects with arteriosclerotic heart disease and 
cerebrovascular accidents with hypertension, using hematoxylin and 
eosin (Figure 1). Twelve of the total 20 subjects with malignancies, 
portal cirrhosis, pneumonias, polycystic disease of the kidneys and 
chronic obstructive respiratory diseases (including emphysema) had 
coexistant arteriosclerotic heart disease. In these 12 subjects, the hy- 
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aline appeared to be comparable to that seen in the 10 subjects with 
arteriosclerotic heart disease and cerebrovascular accidents with hy- 
pertension, using the hematoxylin and eosin staining technic. In the 
remaining 8 subjects, no evidence of appreciable arteriosclerotic heart 
disease was found; only focal, hematoxylin and eosin-stained, inter- 
rupted deposits, suggestive of hvaline- like material, were noted in the 
wall and. subendothelial spaces of approximately 202 of the arterioles 
and arteries of the spleens. Similar, granular, hyaline-like material was 
seen in an occasional vessel in the 20 subjects of the nondiseased 
group. Using periodic acid-Schiff, Alcian blue (pH 2.5) and Hale's 
colloidal iron stains, the hematoxylin and eosin-stained material from 
the 20 subjects with arteriosclerotic heart disease and hypertension 
(of the 30 in the diseased group) had a selective, uniform-staining 
affinity for acid mucopolysaccharides in the walls a subendothelial 
space, corresponding to the hematoxylin and eosin-stained deposits. 
In these 20 subjects, digestion with hyaluronidase failed to abolish the 
selective, periodic acid- -Schiff-staining reactivity in the hyaline masses, 
indicating that hyaluronic acid was not a component of the acid muco- 
polysaccharides in the hyaline masses. In these subjects, digestion 
with diastase and sialadase had no effect on the hvaline material, sug- 
gesting an absence of other substances, such as sialomucins, in the hy- 
aline deposits. Abnormal histochemical staining reactions to the above 
technics were not observed in the remaining 30 of the 50 subjects. 

Use of elastic tissue stains showed that elastic tissue was fragmented 
and the appearance of microscopic areas of hyaline deposits was dis- 
torted in all 22 subjects with arteriosclerotic heart disease and hyper- 
tension (of the 30 in the diseased group). Plain muscle in Masson's 
trichrome-stained splenic tissue samples from these same subjects ap- 
peared smudged, and preserved muscle components in the walls of 
vessels in areas of hyaline deposits were lost. This finding, therefore, 
might be considered an indication of musculoelastic tissue destruction 
in areas of abnormal hyaline deposits. In the remaining 8 subjects from 
the above group, and in 20 subjects from the nondiseased group, use of 
elastic tissue stain and Masson's trichrome revealed no significant al- 
teration in the musculoelastic components. Stains for proteins, fibrins, 
amyloid, fat and other miscellaneous histochemical reactions, listed in 
Table 1, were consistently negative in all 50 subjects of this study. 


Immunofluorescence 


The conjugates of IgG, IgM, B1C-§1A-globulin (complement) and 
D-lipoprotein were distinctly localized as lumpy, diffuse to somewhat 
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interrupted deposits in the walls and subendothelial space of arteries 
and arterioles in all 22 subjects with arteriosclerotic heart disease and 
hypertension, with or without other diseases. These deposits correspond 
to those areas in which histochemical evidence suggested that the hy- 
aline material was somewhat like acid mucopolysaccharides (Figures 
2-5). In all these deposits, IgA, rabbit antihuman fibrin and rabbit 
antihuman fibrinogen were absent (Figures 6 and 7). Conjugates of 
IgG, IgM, complement and (-lipoprotein were localized as nonspecific, 
linear to somewhat streak-like deposits in the wall and subendothelial 
spaces in 4 of the 8 subjects in the diseased group without arterioscle- 
otic heart disease (Figure 8), while IgA, rabbit antihuman fibrin and 
rabbit antihuman fibrinogen were not localized. No conjugates were 
localized in 10 of the 20 spleens from subjects in the nondiseased 
group that were from newborn to 15 years of age. In the remaining 
10 subjects of the nondiseased group that were from 16 to 30 years 
of age, no IgA, rabbit antihuman fibrin or rabbit antihuman fibrinogen 
was found, although an occasional nonspecific, finely granular to linear 
pattern of IgG, IgM complement and [lipoprotein was noted in the 
wall and subendothelial space. In all 50 subjects, autofluorescence was 
constantly seen at the endothelial lining and at the adventitia (com- 
parable to that of unstained frozen sections of spleen). However, no 
true fluorescence was noted in these components. Control sections of 
spleens in all cases were negative for specific fluorescence. 


Discussion 


In this study, the presence of conjugates of IgG, IgM, p1C-p1A- 
globulins and f-lipoprotein suggests that the hyaline deposits in ar- 
teriosclerotic heart disease and hypertensive disease may be composed 
of plasma proteins. To some extent, it also seems to support previous 
studies, ^ although the hypothesis that plasma components are the 
only source of this material, which possibly filters abnormally through 
the walls of arteries and arterioles, is not proven. It seems likely that 
these filtered plasma proteins are trapped in increasing amounts in the 
hyaline masses and become visible by immunofluoresence as demon- 
strable immunoglobulins and p-lipoprotein. However, it is of interest to 
note that in these hyaline deposits there was no histochemical evidence 
of proteins or lipids to suggest that these deposits contained tyrosine, 
SS and SH groups or any form of acidic, neutral or complex lipids. 
IgA, rabbit antihuman fibrin and rabbit antihuman fibrinogen were 
absent, and histochemical staining for fibrin was negative. This miti- 
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gated the fibrin composition theory of hyaline masses advanced by 
other workers.” * 

Using elastic tissue stains and Masson’s trichrome stain, the appear- 
ance of these components in the hyaline masses was altered in all cases 
of arteriosclerotic heart disease and hypertensive disease. The elastic 
tissue appeared fragmented, while the muscle appeared to show a 
smudging effect in the hyaline areas. The hyaline deposits stained in- 
tensly for acid mucopolvsaccharides, suggesting that hyaluronic acid 
may be one of the components. The conjugates of IgG, IgM, B1C- 
DlA-globulin and f-lipoprotein were preferentially localized in these 
deposits and corresponded to histochemical areas of acid mucopoly- 
saccharide affinity in all cases of arteriosclerotic heart disease and hy- 
pertensive disease. The remaining spleens from subjects in the diseased 
group without arteriosclerotic heart disease or hypertensive disease 
and from the nondiseased group showed no abnormal immunofluores- 
cent or histochemical changes in the vessels. These results, therefore, 
seem to differ from those of previous workers, who showed y-globulins 
and fibrin as the main constituents of hyaline deposits.** Our results 
also suggest that the hyaline deposits occur with greater severity in 
arteriosclerotic heart disease and hypertensive disease; it is in these 
cases that immunofluorescence and histochemistry show demonstrable 
alterations. It may, therefore, seem likely that the composition of hy- 
aline deposits in these cases can be based on an abnormality related to 
filtered and trapped plasma proteins in the wall and subendothelial 
spaces of vessels. These hyaline masses may originate from filtered 
and trapped plasma constituents, or from some other mechanism, but it 
seems likely that the altered musculoelastic tissue and its destruction 
in areas of hyaline, combined with an altered physicochemical status 
of acid mucopolysaccharides, may also have some role, through an un- 
known stimulus, resulting in abnormal accumulations of hyaline ma- 
terial, especially in arteriosclerotic heart disease and hypertensive dis- 
ease. A further study of arteries and arterioles of other organs, for ex- 
ample, in arteriosclerotic heart disease and hypertension, may give 
some of these answers if similar changes can be demonstrated. 

The exact reason for the presence of hematoxylin and eosin-stained, 
linear to interrupted hyaline-like deposits in some of our subjects from 
the diseased and nondiseased groups is not clear. Immunofluorescent 
and histochemical study in these subjects did not show specific staining 
of the hyaline-like substance comparable to that seen in subjects with 
arteriosclerotic heart disease. It may, therefore, appear that the com- 
position of the hematoxylin and eosin-stained hyaline-like material, in 
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some of these specimens, probably may be different or the composition 
of the vessel wall may be different in different pathologic states and in 
health, as compared to arteriosclerotic heart disease and hypertensive 
disease. This observation, in our opinion, needs to be evaluated com- 
paratively in the arteries and arterioles of other organs. 
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Fig 1—Section of spleen from a 
58-year-old male with arterio- 
sclerotic heart disease, showing 
hyaline deposits in follicular ar- 
teries of the spleen (H&E, x 
250). Fig 2—Frozen section 
of spleen from an 80-year-old 
male with artericsclerotic heart 
disease, showing diffuse deposits 
of IgG in a follicular artery of the 
spleen (X 250). Fig 3—Spleen 
from a 65-year-old male with ar- 
teriosclerotic heart disease and 
hypertension, showing interrupted 
to lumpy deposits of the conju- 
gate of IgM in a splenic artery 
(x 400). Fig 4—The distri- 
bution of immunofluorescent de- 
posits of 81C—81A-globulin de- 
posits were similar to those seen 
in Figure 3 (x 400). 











Fig 5— Section of spleen from a 90-year- 
old female with arteriosclerotic heart dis- 
ease, showing diffuse immunofluorescent 
deposits of g.lipoprotein in a splenic ar- 
tery (x 450). Fig 6— Spleen from a 
55-year-old male with arteriosclerotic heart 
disease and hypertension, showing the ab- 
sence of the conjugate of IgA in a follicular 
artery (X 250). Fig 7—-Another section 
of spleen from a female subject with ar- 
teriosclerotic heart disease, showing the 
absence of rabbit anithuman fibrin (Xx 
400). Fig B—— Section of spleen from a 
72-year-old male with malignancy but 
without arteriosclerotic heart disease or 
hypertension, showing immunofiuorescent 
trace deposits and linear streaks of IgG in 
a splenic artery (x 450). 





Developing Elastic Tissue 
An Electron Microscopic Study 


Ernest N. Albert, PhD 


Electron microscopic identification of elastic tissue in normal and disease states 
has been uncertain due to the lack of a specific electron-dense stain. Recently we 
introduced a silver porphyrin electron microscopic stain (silver tetraphenylporphine 
sulfonate) for the identification of adult elastic tissue. This stain has now been 
employed to study the development of elastic tissue with the aim that new and 
old elastica can be differentiated at the electron microscopic level. Present ob- 
servations showed that developing elastica consisted of two distinct morphologic 
components. Each portion exhibited different staining properties with the silver 
porphyrin and lead citrate. One component was fibrous and the other amorphous. 
The fibrous component stained with lead citrate while the amorphous stained 
with the silver porphyrin. The fibrous component was the first to appear; the 
amorphous portion appeared later in development and was formed within the 
fibrous matrix. Mature elastic tissue was devoid of the fibrous component. Based 
upon the morphologic appearance and staining properties, one can now differen- 
tiate between newly formed elastic tissue and the existing one in various disease 
states (Am J Pathol 69:89-102, 1972). 


ELASTIC TISSUE is an important functional component of the 
cardiovascular system. Damage to the intimal vascular connective tis- 
sue is often associated with formation of new fibroelastic tissue. 
Similar problems of elastic proliferation, condensation and hyaliniza- 
tion exist in conditions of hypertension, lupus erythematosus, gener- 
alized scleroderma, artherosclerosis and pregnancy. Reviews on the 
involvement of elastic tissue in these diseases are treated in detail by 
Page.'? 

In order to understand ultrastructural changes in elastic tissue during 
various diseases, it is essential that the normal ultrastructural morphol- 
ogy of adult and developing elastic tissue be known. Several investiga- 
tors ^^? have pointed out that isolated elastica has a fibrillar and an 
amorphous component. Similar fibrillar components of elastica have been 
observed in vivo in blood vessels," ? in skin," in lung ^? and an ligamen- 
tum nuchae.'*!? However, Cox and Little ° report that no fibrillar com- 
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ponents of elastica were observed in any of the above tissues. The 
specific identification of elastic tissue has been further complicated be- 
'ause of the lack of satisfactory electron microscopic stains. 

Phosphotungstic acid and osmium tetroxide are the most frequently 
used stains for elastica; however, neither imparts a consistent density 
to elastica. Haust * states that elastic tissue elements have variable 
and inconsistent staining qualities, even in the same block of tissue. 
This author and several other investigators have had similar experi- 
ences with elastic tissue staining. This inconsistency makes the iden- 
tification of newly formed elastica from degenerating or old elastic 
tissue difficult and at times impossible. 

Since the morphologic criteria for elastic tissue are not completely 
established and no satisfactory electron microscopic stains for its iden- 
tification were available, we decided to develop a specific marker for 
electron microscopic observation of elastic tissue. Subsequently, a me- 
tallic porphyrin, silver tetraphenylporphine sulfonate was synthesized 
in our laboratory and used as a specific electron-dense stain for elastic 
tissue.'*"" Nonmetallic tetraphenylporphine sulfonate imparts specific 
red fluorescence to elastic tissue. The silver porphyrin was employed 
in this investigation to study the sequence of elastogenesis in fetal rat 
aorta. 

It is the purpose of this report to: a) establish the specific morphology 
of developing and adult elastic tissue using silver tetraphenylporphine 
sulfonate in conjunction with uranyl acetate and lead citrate, and b) 
gain some understanding about the staining properties of newly form- 
ing and mature elastic tissue. Information thus obtained will also allow 
investigators to distinguish between old and newly formed elastica 
during repair. 


Materials and Methods 


Pregnant rats were anesthetized and the fetuses were removed from the uterus 
between the fourth and eighteenth day of gestation, The fetuses were decapitated 
and the thoracic cavity opened. Four percent ice cold glutaraldehyde in .2 M 
phosphate buffer was gently placed in the thoracic cavity with a Pasteur pipette to 
initially fix the aortic tissue. After 5 minutes the fetal aortas were dissected out and 
further fixed in fresh 4% glutaraldehyde in phosphate buffer for 2 hours. The tissues 
were then washed in the phosphate buffer and postfixed in 4% osmium tetroxide 
for an additional 2 hours. The aortae were again washed with phosphate buffer and 
dehydrated in an ascending series of ethanol. They were then flat-embedded in 
Epon 812. This embedding procedure was desirable, since one could easily orient 
the blocks for obtaining cross or longitudinal sections of the aortae. The thoracic 
aorta of the pregnant mother was also fixed and removed in the same manner as the 
fetal portion. Sections were cut and divided in three groups for staining: Group I— 
stained with uranyl acetate and/or lead citrate; Group II—stained with 10 percent 
silver tetraphenylporphine sulfonate for forty-five minutes;!? and Group IHI—grids 
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were first stained with 10% silver tetraphenylporphine sulfonate as in Group II and 
then counterstained with uranyl acetate and lead citrate. The silver tetraphenyl- 
porphine sulfonate was synthesized in our laboratory. The details of the synthetic 
process have been published previously.!? 


Results 


Staining with Uranyl! Acetate and Lead Citrate 


It appeared that the formation of elastic lamellae in aorta generally 
occurred in three stages. However, this was a continual process and 
there was considerable overlap in the various stages of development. 

First Stage. This stage lasted from the fourth to the ninth day of 
gestation. Initially, a filamentous material appeared in the extracell- 
ular spaces around cells of the aortic wall, This filamentous material 
was clearly visible in 6-day-old fetal aortae (F igure 1) and stained 
positively with uranyl acetate. They appeared more dense when stained 
with lead citrate, however: a much stronger reaction occurred when 
both uranyl and lead stains were employed together. 

During the latter part of this stage one could usually discern small 
amorphous areas (loci) scattered amongst the filaments. These homo- 
geneous areas were first recognized in the aorta of 6-day-old fetuses. 
By the ninth day, several small amorphous loci could be seen. These 
loci were often difficult to identify with certainty at lower magnifica- 
tions but were easily discernible at higher magnifications (Figure 2), 
However, these amorphous areas were easily identifiable, even at very 


" 


low magnifications, when the porphyrin stain was used (Figure 8). 

Second Stage. This stage was most prominent between the tenth 
and fourteenth days of gestation. During this stage there was a gen- 
eral increase in the number and size of the pale-staining areas. These 
pale homogeneous loci appeared to be surrounded by filaments (Fig- 
ure 3). Higher magnification showed that the homogeneous loci and 
the filaments were intimately associated with each other and thus ap- 
peared as one continuous structure ( Figure 4). Henceforth, the amor- 
phous loci and the peripheral filamentous structures will be referred to 
as the elastic units. The central amorphous area of the elastic unit 
demonstrated no affinity for uranyl and/or lead stains, but the periph- 
eral fibrous structure stained with uranyl and lead (Figures 3, 4). 

Third Stage. During the fourteenth through the eighteenth day of 
gestation the elastic units continued to increase in size and number. 
They coalesced with adjacent dense units to form larger masses of 
elastic tissue and lamellae (Figure 5). As the elastic units increased in 
size and formed bands and lamellae, there was a concomittant decrease 
in the filamentous structures. Some of the filaments appeared to be 
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incorporated in the homogeneous matrix (Figure 5). A thin layer of 
filaments usually remained at the periphery of the elastic bands. 


Staining with Tetraphenylporphine Sulfonate Only 


When various stages of developing aorta were stained with silver 
tetraphenylporphine sulfonate only, the central amorphous areas of 
elastic units exhibited a strong positive reaction (Figure 6). The pe- 
ripheral fibrillar structures did not demonstrate any specific affinity 
for this stain. During the early stages of development, small electron- 
dense homogeneous loci were scattered throughout the extracellular 
spaces of the aortic wall. As the gestational age increased, more and 
more of the dark staining loci could be recognized. Some of the loci 
were seen to coalesce with adjoining electron-dense centers and began 
to form bands of elastic tissue (Figure 7). During maturation, no 
filamentous structures stained with the metallic porphyrin. 


Staining with Silver Tetraphenylporphine Sulfonate, Uranyl Acetate and Lead Citrate 


When the various developmental stages of elastic tissue described 
above were first stained with the metallic porphvrin and then with 
uranyl and lead, electron-dense homogeneous loci were clearly visible 
along with the peripheral filamentous structures (Figure 8). These 
electron-dense areas always appeared in intimate contact with the grey 
filamentous microfibrils. The dark- -staining central loci were interpreted 
as the structures that apes unstained with uranyl and lead (com- 
pare Figure 8 with Figure 2). 

During the early stages of development, few elastic units were ob- 
served in the extracellular spaces (Figures 6, 8). In the later gestational 
stages, greater numbers of electron-dense loci could be seen individ- 
ually, while others appeared to coalesce with adjacent units (Figures 
7, 9). Eventually, most of the elastic units coalesced to form elastic 
bands (Figure 10). The electron-dense homogeneous areas became 
larger and the fibrillar components decreased in amount and appeared 
to be either absent or restricted to the periphery of elastic lamellae as a 
thin layer (Figure 10). 

Very few collageneous fibers were identifiable during the early stages 
of elastogenesis. However, greater numbers became apparent with in- 
creased gestational age. It also appeared that collageneous fibers were 
closely related to the microfibrils that were associated with elastic 
units, 


Discussion 
The observations have established some basic morphologic and stain- 
ing criteria for the identification of newly formed elastic tissue. 
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It is reasonable to suggest that the earliest form of recognizable 
elastin or its precursor is a fibrillar structure. Later in development, 
the conventional morphology of elastic tissue begins to manifest itself 
in the form of amorphous loci embedded within the fibrillar mass. As 
maturation of elastic tissue progresses, the amount of amorphous ma- 
terial increases and the fibrillar material decreases. Thus, one could 
speculate and suggest that mature elastic tissue is formed from a recog- 
nizable fibrillar precursor. This fibrillar precursor probably plays the 
following role in the formation of adult elastin: a) The fibrils become 
cross-linked and, as a result, loose their fibrous structure and appear as 
homogeneous masses which continue to enlarge in size until most or 
all of the fibrils are cross-linked. b) Some other amorphous substance 
begins to accumulate in the fibrillar matrix and masks the fibrous 
structure. This could be a protein-polysaccharide complex. 

Others have also reported that the microfibrils were the first struc- 
tures to appear in elastogenesis.!^?^ This study has clearly shown that 
fibrillar components are only one part of the developing elastic tissue; 
the major portion of mature elastica is the amorphous component. 
However, some authors have expressed the view that only the fibrillar 
component constitutes the elastic tissue.” 

The staining properties of the two components were entirely differ- 
ent. The peripheral microfibrils exhibited the greatest contrast when 
stained with both uranyl acetate and lead citrate. The central amor- 
phous component of elastic units showed no affinity for either the 
uranyl acetate or lead citrate stains, or both stains employed together. 

When developing elastica was stained with silver tetraphenylpor- 
phine sulfonate only, the central amorphous component of the elastic 
units showed a positive reaction. Further, the application of all three 
stains together resulted in a combined staining reaction of the metallic 
prophyrin, uranyl and lead—ie, both the peripheral fibrils and the cen- 
tral amorphous portion were stained. It may, therefore, be concluded 
that the fibrillar structures stain with the uranyl and lead, while the 
amorphous portion stains with the metallic prophyrin. Based upon the 
staining properties of the fibrillar and amorphous components, it can 
be assumed that the two morphologic components are chemically dif- 
ferent. 

It can also be stated that the newly formed elastic tissue consists of 
two readily distinguishable, distinct components (amorphous and fi- 
brous). On the other hand, mature elastic tissue is almost exclusively 
formed of the amorphous component. It is proposed that the staining 
of elastic tissue with the porphyrin and uranyl and lead stains will en- 
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able qualitative and quantitative differentiation between newlv formed 
and old elastin during disease and repair processes. 
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Fig 1—Shows portions of two maturing smooth muscle cells from 6-day fetal aorta. The 
first recognizable structures in the extracellular space are filamentous bundles (arrows). A 
few amorphous loci (A) can be recognized amongst the filamentous material. 
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Fig 4 — Higher magnifica- 
tion demonstrating that 
there is no distinct separa- 
tion between the filamen- 
tous and the amorphous 
portions of the elastic unit 
(arrows). The two areas 
blend in with each other 
(uranyl and lead). 








Fig 5—Portion of an 18-day fetal aorta. Notice that elastic lamellae are partially formed. 
Evidence of smaller elastic units coalescing to form larger bands. Some filaments appear 
to be trapped in the larger elastic masses (arrows) (uranyl and lead). 
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Fig 8—Portion of aorta from a 10-day fetus. Notice that the dense staining areas are 
surrounded by grey filamentous material (MeTPPS, uranyl and lead). Fig 9—Taken 
from a 12-day fetal aorta. Notice that there are many small elastic units. Some of them 
are merging with adjoining units (MeTPPS, uranyl and lead). 





Fig 10—From 20-day fetal aorta. Notice the formation of some 


elastic lamellae (MeTPPS, uranyl and lead). 
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Cytolysis Induced by Human Lymphotoxin 
Cinemicrographic and Electron Microscopic Observations 


Stephen W. Russell, DVM, PhD, Werner Rosenau, MD and 
John C. Lee, MD 


By phase-contrast cinemicroscopy, highly purified human lymphotoxin induced 
two forms of cytolysis—one characterized by slow (1 to 2 hours) swelling (bal- 
looning-type) and the other by sudden (3 to 5 minutes) shrinkage of the cell 
body and violent agitation of residual debris (popcorn-type). Specifically sen- 
sitized lymphocytes likewise caused both forms of lysis, morphologically indis- 
tinguishable from lymphotoxin-induced cytolysis. Lymphotoxin also inhibited cell 
division; mitoses diminished and virtually ceased before the onset of cytolysis. 
Many of the ultrastructural features preceding early lysis were similar to those 
associated with failure of osmoregulatory mechanisms—ie, condensation of mito- 
chondria, dilation of rough-surfaced endoplasmic reticulum, separation of poly- 
somes into individual units and expansion of the cell sap. After exposure to 
lymphotoxin for 12 hours or more, most remaining cells exhibited these same 
ultrastructural changes but lacked striking mitochondrial lesions (Am J Pathol 
69:103-118, 1972). 


LvMPHOCYTES are an integral part of the mononuclear in- 
flammatory infiltrate characteristic of cell-mediated immune reactions. 
The ability of lymphocytes to destroy other cells in vitro (target cell 
destruction) and to mediate tissue injury in vivo (allograft rejection, 
graft vs host reactions) suggests that these cells may cause at least a 
portion of cell-mediated immune injurv. If this premise is correct, it is 
probable that the effector of injury is a cytotoxin(s) released from 
stimulated lymphocytes. 

Rich and Lewis‘! noted that cytolysis followed the addition of tuber- 
culoprotein to splenic explant or buffy coat cultures prepared from 
tuberculous guinea pigs. Ruddle and Waksman 2 extended and refined 
this observation, later attributing cell death to a toxic mediator libera- 
ted from immune lymphocytes in response to specific antigen.” Granger 
and Kolb 4° demonstrated that nonimmune lymphocytes, if stimulated 
by mitogenic agents such as phytohemagglutinin (PHA), also pro- 
duced a soluble cytotoxin, which they later named lymphotoxin. From 
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studies performed with crude lymphocyte culture supernates,’ it was 
concluded that lymphotoxin effects cytolysis by “acting on the cell 
membranes” of susceptible tissue culture cells, causing “disintegra- 
tion” of the plasmalemma. 

The primary objective of this in vitro study was to document the se- 
quence of changes which occur in mouse fibroblasts after exposing 
them to lymphotoxin. The use of highly purified test material min- 
imized the possibility that the results were due to lymphocyte products 
other than lymphotoxin. Our findings demonstrate that, at the light 
microscopic level, lymphotoxin causes two morphologically distinct 
types of cytolysis, and that many of the ultrastructural lesions pre- 
ceding cytolvsis are those associated with impaired osmoregulation. 


Materials and Methods 


The preparation and purification of human lymphotoxin have been described.? 
Briefly, adenoidal cells consisting of 95% or more lymphocytes were cultured at 
37 C in RPMI 1640 tissue culture medium (Associated Biomedic Systems, Buffalo, 
NY) containing 10% fetal bovine serum (FBS), antibiotics and 5 to 7 ug/ml 
phytohemagglutinin (PHA-P, Difco Laboratories, Detroit, Mich). After 24 hours, 
the cells were collected by centrifugation and resuspended in serum-free RPMI 
containing a reduced amount of PHA (usually 3 ug/ml). After an additional 4 to 6 
days incubation at 37 C, cell-free supernates were harvested by centrifugation. 
Control material was prepared similarly, except that PHA was added at the time 
of harvest, after all cells had been removed. 

Supernates from lymphocyte cultures were concentrated and sequentially frac- 
tionated by column chromatography (Sephadex G-150 followed by DEAE-cell- 
ulose) and preparatory slab acrylamide gel electrophoresis. The final product 
was purified greater than 2000-fold. Identically fractionated control material 
lacked cytotoxicity. Briefly, a cytotoxic unit (cu) was defined as sufficient lym- 
photoxin activity to reduce the number of cells in experimental tubes by 1000, 
compared with control cultures. The details of cytotoxic unit calculation have 
been described previously.* 


Electron Microscopy 


Stock cultures of logarithmically growing mouse fibroblasts (L-cell strain 929) 
were treated with 0.25% trypsin in Hanks’ balanced salt solution for 5 minutes 
at room temperature. The freed cells were washed once with RPMI and resus- 
pended in RPMI + 5€ FBS at a concentration of 1.4 x 105/ml. Disposable 
sterile Petri dishes (60 x 15 mm), containing pieces of 300-gauge Melinex O 
polyester sheeting’ (Transilwrap West Corp, San Francisco), each received 4 ml 
of the L-cell suspension and were subsequently incubated for 24 hours at 37 C in 
an atmosphere of 95% air and 5% CO. The supernatant medium was then 
replaced with RPMI + 5% FBS, containing either purified lymphotoxin (1200 
cu/ml) or an equivalent amount of control material; incubation was continued under 
the same conditions. This larger dose of lymphotoxin insured that there were 
enough affected cells to permit representative sampling. At subsequent intervals 
of 6, 12, 24 and 48 hours, cells were fixed with distilled, ice-cold 1.5% glutar- 
aldehyde containing 2% (w/v) sucrose. This was accomplished bv adding an 
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appropriate amount of 15% stock glutaraldehyde (containing 20% sucrose) dir- 
ectly to the medium in tissue cultures. Fixation was continued at 4 C for at least 
12 hours (up to 72 hours) before cells were postfixed for 30 minutes with 1% 
osmium tetroxide. After dehydration in a graded series of ethanol and in propylene 
dioxide (10 minutes each step), the Melinex O coverslips with attached cells 
were inverted on embedding capsules filled with Araldite. After polymerization, 
the coverslips detached easily from the plastic, leaving the fibroblasts embedded in 
the face of the block. Ultrathin sections were cut, stained with lead citrate and 
uranyl acetate and examined in a Siemens 1A electron microscope equipped with 
a 35-u objective aperture. 


Phase-Contrast Cinemicrographic Studies 


Rose chambers were inoculated with a cell suspension prepared by the procedures 
described above. After incubation for 24 hours at 37 C, when the fibroblasts were 
firmly attached to the glass, the supematant medium was withdrawn and the 
chamber was refilled with RPMI + 5% FBS containing either purified lymphotoxin 
(400 cu/ml) or an equivalent amount of control material. Cells were photographed 
with an inverted phase-contrast microscope, using a 16-mm motion picture camera 
and Plus-X (Kodak) black-and-white reversal film. A frame interval of 30 seconds 
was employed in low-magnification (22 x) studies, while a 5-second interval 
was used at higher (90 x) magnification. We analyzed films with a variable- 
speed projector and, frame-by-frame, with a 16-mm film-editing machine, which 
additionally magnified the image seven times. The cells pictured in the initial 
frame of each film were identified by number and, together with any progeny, 
were followed thereafter. 


Results 


Control Cultures 


It was observed by phase-contrast microscopy, 24 hours after seed- 
ing, at the time control material was added, that the individual cells 
were uniformly distributed and formed a complete monolayer within 
the subsequent 25 to 30 hours. Thereafter the frequency of mitosis 
diminished but did not stop entirely. 

Mitosis was heralded bv a sudden cessation of cell movement and 
the retraction of cytoplasmic processes. At the magnification employed, 
a dividing cell became increasingly refractile as it rounded into a 
small sphere; a cleavage furrow appeared; and the cell separated into 
two smaller, refractile spheres. The two daughter cells then flattened 
on the glass, losing their refractility, meanwhile pulling apart. Cyto- 
kinesis was frequently incomplete and, in these instances, a cytoplasmic 
bridge could be detected joining the two daughter cells for up to 2 
or more hours. 

During interphase, cells in all control cultures varied only slightly in 
their morphologic appearance and behavior. They were polygonal, 
flattened on the glass, and they frequently extended cytoplasmic proc- 
esses with wavy or ruffled leading margins. Cellular movement often 
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followed the extension of such a process. Activity diminished, how- 
ever, as the cultures became more populous. The cytoplasm of L-cells 
was finely granular, except for the presence of round to rod-like mito- 
chondria and occasional pinocytic vacuoles. Nuclear rotation was oc- 
casionally seen. 

Ultrastructurally (Figure 1), the chromatin of normal L-cells was 
dispersed, except for occasional aggregates and a thin layer along the 
nuclear membrane. Nucleoli were prominent and often multiple. Mito- 
chondria were large, oval-to-elongated and mvriad polvribosomes were 
à conspicuous cytoplasmic feature. Microtubules, microfilaments, vari- 
ous types of membrane-bound inclusions and narrow profiles of rough- 
surfaced endoplasmic reticulum ( RER) were also frequently observed. 
In older cells, digestive vacuoles and lipid droplets were common. 
Golgi complexes were an infrequent finding; rarely, a structure mor- 
phologically akin to a virus particle was detected budding from a 
membranous structure. The plasma membrane characteristically 
formed numerous microvillous projections. 





Lymphotoxin Treated Cells 


Initially, by phase-contrast cinemicroscopy, 400 cytotoxic units of 
lymphotoxin per milliliter had no observable effect. Fibroblasts con- 
tinued their movement and division without apparent change. By 12 
hours, however, diminished movement and fewer mitoses were evident, 
and occasional cells had begun to lyse. Thereafter, the L-cells became 
increasingly granular and, by 18 to 24 hours, cytolysis had become a 
widespread phenomenon. Two morphologically distinct tvpes of cy- 
tolysis were observed. 

Popcorn-type Cytolysis. This name was given to the most common 
form of cytolysis because the residual cellular mass often resembled a 
kernel of popped corn (Figure 2). This lytic event, sudden in onset, 
progressed to completion within 3 to 5 minutes and was characterized 
by sudden shrinkage and violent bubbling of the cell body. Attenuated 
cytoplasmic processes formed during shrinkage (Figure 2B and C) 
quickly withdrew and rounded into small refractile spheres which 
clustered around the central granular mass of cellular debris ( Figure 
2D). Nuclear architecture and detail were lost. Remaining debris 
detached from the glass and either stuck to an adjacent cell or floated 
freely in the medium. 

Ballooning-type Cytolysis. This form of cytolvsis lacked the dra- 
matic immediacy and violent bubbling characteristic of the popcorn- 
type (Figure 3). Quite simply, it consisted of slow swelling and 
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rounding-up of the cell (Figure 3B and C), until a large cytoplasmic 
bleb abruptly appeared (Figure 3D). The process frequently required 
60 or more minutes (occasionally longer than 2 hours) and always 
involved both the nucleus and the cytoplasm. Residual debris detached 
from the glass as an amorphous granular mass. 

Electron microscopic examination of L-cells exposed to lympho- 
toxin (1200 cytotoxic units/ml) for 6 hours revealed extensive ultra- 
structural lesions in some; many, however, m unaffected. The 
least severe alterations detected ( (Figure 4) were dilation of RER, 
separation of polyribosomes into individual units and condensation of 
mitochondria. Chromatin was clumped along the nuclear membrane. 
At this stage, microvillous processes still protruded from the cell sur- 
face. More extensively affected cells (Figure 5) exhibited marked 
dilation of RER and other membrane-bound structures. The matrix of 
some mitochondria appeared homogeneous and had become intensely 
black, with transverse lines of lesser osmiophilia. There was extensive 
clumping of chromatin, principally along the nuclear membrane, and 
the angularity of cells and their microvillous processes had been lost. 

At 12 hours, fewer cells were present within the cultures. Those 
which remained on the cover slips exhibited many of the changes (in- 
cluding dilated RER, disintegration of polysomes and expansion of 
the cell sap) described at 6 hours; however, the majority of the cells 
now lacked striking mitochondrial changes (Figure 6). Structures re- 
sembling virus particles were seen with increasing frequency as de- 
generative changes in L-cells became more severe. Small discontinu- 
ities in the plasma membrane could occasionally be detected. 

After 24 hours, very few cells remained attached to the cover slips. 
Those present (Figure 7) consisted of little more than degenerating 
nuclei surrounded by cytoplasmic debris. Mitochondria, when pres- 
ent, were swollen, usually spherical and exhibited dilated intracristal 
spaces. Extensive breaks were found in the plasma membranes of these 
cells. 

By 48 hours, no cells adhered to coverslips in lymphotoxin-treated 
cultures. 

In addition to causing cytolysis, lymphotoxin (400 cytotoxic units/ 
ml) inhibited mitosis (Table 1). In control cultures photographed for 
28 hours or more, every cell initially present divided at some time dur- 
ing the course of the film, with the rare exception of those which de- 
veloped into giant cells. In striking contrast, after exposure to lympho- 
toxin, many cells present in the initial microscopic field failed to divide, 
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Table 1—Effect of Purified Human LT (400 cytotoxic units/ml) on L-cell Strain 929 Target 
Cells (Representative Films) 





Control  Lymphotoxin 
No. of cells initially in field 51 57 
No vA No % 
Divide 50 98 18 31.6 
Lyse 0 0 22 38.6 
Neither divide nor lyse 1* 2 1 29.8 
No. of daughter cells observed 100 36 
No % No % 
Divide 33 33 0 0 
Lyse 3 3 7 19.4 
Neither divide nor lyse 59 59 28 77.8 
Lost to view 5 5 1 2.8 
Total number of mitroses 83 18 


* Developed into giant cell 

Film durations were 28 hours for control cells and 32 hours for cells exposed to lympho- 
toxin. Control medium consisted of identically purified supernate from unstimulated 
lymphocyte cultures, diluted similarly (1:150) to the lymphotoxin-containing medium. 
Daughter cells are the progeny of cells initially in the field. 

These data show that, in addition to causing cytolysis, lymphotoxin also inhibits the 
proliferation of L-cell 929 fibroblasts. Lysis which occurred in control cultures was observed 
late in the incubation period. Nonspecific cytolysis is a well-documented phenomenon 
in aged L-cell cultures.? 


and after 18 to 24 hours, when cytolysis had begun in earnest, mitoses 
were extremely rare. 


Discussion 

By phase-contrast cinemicroscopy, there were two morphologically 
distinct forms of lymphotoxin-induced cytolysis, one characterized by 
cell swelling (which we termed ballooning-tvpe) and the other by 
sudden shrinkage of the cell body followed by violent agitation of the 
residuum (popcorn-type). These were indistinguishable from the two 
kinds of cytolysis previously observed when L-cell 929 fibroblasts were 
exposed to specifically sensitized lymphocytes." 

The cardinal feature of ballooning-type cytolysis—early cell swelling 
—suggests that lymphotoxin may impair target cell osmoregulatory 
mechanisms. Many of the ultrastructural changes we found are con- 
sistent with this hypothesis in that they closely resembled the altera- 
tions observed by Trump and his colleagues. 742 In cells which had 
lost the capacity to regulate their volume, these investigators described 
swelling as the principal light microscopic feature, while the earliest 
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ultrastructural changes reported were dilation of the endoplasmic retic- 
ulum and nuclear env elope. Subcellular alterations of moderate 
severity included contraction and condensation of the inner mitochon- 
drial compartment, with relative expansion of intracristal spaces and 
enlargement of the cell s sap. Advanced stages of injury were heralded 
by severe swelling of mitochondria, loss of polysomes, karyolysis and 
interruptions in the plasma membrane. In spite of the marked similar- 
ities between our observations and those of Trump et al, we stress that 
the finding of morphologic alterations compatible with osmoregulatory 
failure does not indicate a primary site of action for lymphotoxin. Nu- 
merous agents, acting at different levels within the cell, are capable of 
interfering directly or indirectly with the maintenance of cell volume.” 

Since cell swelling was not associated with popcorn-type lysis, we 
expected to find a second group of ultrastructural changes which 
would correlate with this form of cytolysis. We were unable to do so, 
in spite of examining hundreds of lymphotoxin- treated cells by elec- 
tron microscopy. Among a number of plausible explanations for this 
apparent discrepancy, two seem most likely. First, the mechanism of 
injury was the same in both types of cytolysis and caused similar ultra- 
structural changes in all affected cells. However, because of differences 
in our target cell population (these cells had not been cloned for many 
years), the morphologic expression of injury varied at the light micro- 
scopic level. Alternately, we were simply unable to detect the ultra- 
structural changes associated with popeorn-type lysis because of 
inherent sampling difficulties. By light microscopy, this event was un- 
heralded and occurred rapidly ( 3 to 5 minutes). Individual cells were 
affected at different times after exposure, and the residuum usually 
quickly detached from the glass. To clarify these points, further stud- 
ies are planned, employing cloned and Sy nchronized cells. 

At the ultrastructural level, severe mitochondrial vacuolation has 
been described as the earliest discernible lesion caused in L-cell strain 
929 fibroblasts by specifically sensitized lymphocytes. Mitochondrial 
vacuolation was also observed in our tar get cells, but this change was 
detected in both control and experimental material, and the incidence 
increased greatly when fixative was placed directly onto the cells 
rather than into the tissue culture medium. We therefore believe that 
this mitochondrial alteration was an artifact of fixation rather than a 
lesion induced by lymphotoxin. 

The inhibition of mitosis we observed probably reflects cellular in- 
jury caused by lymphotoxin. This is supported by our finding that the 
frequency of mitosis gradually diminished and. virtually ceased just 
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before the onset of cytolysis. Proliferation inhibitory factor (PIF), an 
agent released from PHA-stimulated human lymphocytes, also inter- 
feres with cellular division.‘ The relationship of our highly purified 
lymphotoxin to this agent is unknown; however, PIF was described as 
having no effect on L-cell 929, the strain of fibroblast employed in our 
investigation. 

Thus, highly purified human lymphotoxin causes both cytolysis and 
inhibition of mitosis, and many of the subcellular alterations it produces 
may reflect failure of osmoregulatory mechanisms. We are currently 
extending these morphologic studies with biochemical investigations 
designed to elucidate specifically how lymphotoxin mediates such 
changes. 
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Fig 2—Popcorn-type lysis of L-cell strain 929 fibroblast exposed to 400 cytotoxic units of 
purified human lymphotoxin/ml. The events depicted here occur within 3 to 5 minutes 
(phase-contrast, x 1150). Fig 2A—Fibroblast (center) 30 seconds prior to initiation 
of the lytic process. There are no specifically discernible degenerative changes which sug- 


gest impending cytolysis. Previously lysed cell (arrow). Fig 2B—tThe initial event is 
sudden retraction of the cell body, leaving attenuated cytoplasmic processes still attached 
to the glass. Early distortion of the nucleus is evident. Fig 2C—The cell body has 
fully shrunk and there is severe distortion of the nucleus. The peripheral cytoplasmic 
processes are retracting and becoming globular. Fig 2D—The fully retracted cyto- 
plasmic processes have become refractile spheres peripherally arranged around the main 
mass of granular debris. Violent bubbling of the entire debris mass and detachment from 


the glass follow. 





Fig 3—Ballooning-type lysis of L-cell strain 929 fibroblast exposed to 400 cytotoxic units 
of purified human lymphotoxin/ml. In contrast to popcorn-type cytolysis, the events de- 
picted here often require more than 60 minutes and sometimes as long as 2 hours (phase- 
contrast, x 1150). Fig 3A—Fibroblast (arrow) approximately 30 minutes before earliest 
detection of changes associated with ballooning cytolysis. The two cells below the subject 
fibroblast are similarly degenerating. Fig 3B—The earliest detectable changes are slight 
swelling and rounding-up of the affected cell. Fig 3C—Fifty minutes after earliest de- 
tectable changes, the affected cell is much more spherical than normal and its cytoplasm 
has become quite granular. Nuclear architecture has been lost. Fig 3D—Termination 
of the lytic process (100 minutes from earliest detectable changes) is heralded by the 
sudden appearance of a cytoplasmic bleb (arrows). Thereafter, the residual mass increases 
in granularity, shrinks, and usually detaches from the glass to float freely in the medium. 
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Fig 4—Early stage of lympho- 
toxin-induced cell injury. 
Rough-surfaced | endoplasmic 
reticulum (RER) is dilated, 
mitochondria (M) appear con- 
densed due to increased os- 
miophilia of their matrix, and 
polyribosomes have disinte- 
grated into individual units. 
Microvillous processes, a char- 
acteristic feature of normal 
L-cells, still protrude at the 
cell surface. There is clump- 
ing of chromatin along the 
nuclear membrane. L=lipid 
droplet. Six-hour exposure to 
1200 cytotoxic units lympho- 
toxin/ml (X 15,000). 


Fig 5—Intermediate stage of 
lymphotoxin-induced cell in- 
jury, also after 6-hour expo- 
sure to 1200 cytotoxic units 
LT/ml. The time-course of in- 
jury varied, due to apparent 
differences in individual cell 
susceptibility to lymphotoxin. 
In addition to the type of mit- 
ochondrion illustrated in Fig- 
ure 4, there are some that 
appear black (arrow), with 
transverse lines of decreased 
osmiophilia. Dilated endoplas- 
mic reticulum and multiple 
membrane-bound spaces are 
also characteristic of this stage 
of injury. Microvillous proc- 
esses have been lost as a re- 
sult of cytoplasmic volume 
increase (x 28,000). 


Fig 6—After 12 hours of ex 
posure to lymphotoxin, many 
of the cells remaining on cover 
slips exhibit extensive dilation 
of their endoplasmic reticu- 
lum, fragmentation of poly- 
somes and expansion of their 
cell sap, but lack condensed 
mitochondria. Structures mor- 
phologically consistent with 
virus particles (arrow) are seen 
with increasing frequency in 
degenerating cells. N= nucleus 
(x 30,000). 


Fig 7—Terminal stage of lym- 
photoxin-induced cell injury 
(24-hour exposure to 1200 cy- 
totoxic units lymphotoxin/ml). 
The plasmalemma of such 
cells is extensively disrupted 
(arrows) and very few cyto- 
plasmic organelles remain. 
Mitochondria . (M), when ob- 
served, are swollen and ex- 
hibit dilated intracristal spaces. 
N=nucleus (x 13,000). 
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Thermal Noise in Cells 
A Cause of Spontaneous Loss of Cell Function 


Horton A. Johnson, MD, and Mildred Pavelec, MS 


Background noise due to random thermal perturbations of molecules has a disrup- 
tive effect on all information handling systems, including cells and organisms. This 
thermal noise appears to be largely responsible for the spontaneous loss of prolifera- 
tive cells in cell cultures. The rates at which proliferative cells are lost as a result 
of heat injury, in cultured hamster cells, have been measured at high temperatures 
and extrapolated down to 37 C. This gives an expected 0.2% loss per hour due 
to thermal injury at physiologic temperature. That such a loss does in fact occur 
can be shown by comparing cell generation time with population doubling time, 
when these cells are growing at physiologic temperatures. Apparently, internal 
thermal noise presents a primary hazard to the reliable functioning of the cell 
quite apart from the insults it receives from its external environment (Am J Pathol 


69:119—130, 1972). 


THERMAL NOISE LIMITS THE PERFORMANCE of all information 
handling devices. In the past there has been little interest in this prob- 
lem outside of the field of electronics engineering, where it is a matter 
of fundamental and practical importance.' And yet, since in all living 
things successful function depends upon the reliable storage and proc- 
essing of information, it seems that the disruptive effects of internal 
noise might be a concern important to the biologist as well as the com- 
munications engineer. 

In this report we will show that the unexplained spontaneous death 
of cells in vitro can be largely accounted for by the effects of back- 
ground noise within these cells. 


The Nature of Thermal Noise 


There are random energy fluctuations in the particles which make 
up all matter, living and nonliving, except at the inaccessible tem- 
perature of absolute zero. 

These random fluctuations are manifested in a number of ways. 
The randomly fluctuating kinetic energy of molecules is experienced 
as heat. Other particles in thermal equilibrium with molecules are 
also subject to thermal agitation. Brownian motion is the thermal 
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agitation of visible particles that collide repeatedly with randomly 
moving molecules. Electrical noise results from thermal agitation of 
electrons in a conductor. 

In the living cell there are also manifestations of thermal noise: 
thermal motion of solutes causes random fluctuations in local concen- 
trations, and, in large information-laden molecules, thermal vibrations 
of adjacent atoms may by chance rupture the chemical bond between 
them. In this way the molecular order, essential to the survival of the 
cell, is in constant jeopardy due to thermal perturbations. 

The mean energy of these perturbations is proportional to absolute 
temperature, so that the mean energy in any one degree of freedom is 


E = 4 kT (1) 


where the constant of proportionality is k, or Boltzmann's constant, 
and T is the Kelvin temperature. At biologic temperatures, thermal 
noise reaches a significant level; the mean energy at 37 C is approxi- 
mately 0.014 eV. Because of the probabilistic nature of these pertur- 
bations, some will be many times greater than the mean, often sufficient 
to rupture hydrogen bonds with ener gies of 0.05 to 0.1 eV, and occa- 
sionally violent enough to break covalent bonds with energies of 0.5 to 
1.0 eV. 

The random corpuscular motion of matter interferes unavoidably 
with the storage and flow of information in matter. Thermal agitation 
of oriented magnetic molecules can garble information stored in a 
computer, and thermal agitation of electrons can disrupt the flow of 
information along a transmission line. In the cell, thermal rupture of 
chemical bonds may garble information flow through transcription and 
translation, and thermal motion of electrons may cause spurious ex- 
citation T membranes.? In electrical devices and cells the modes of 
information storage and flow are very different, but, in principle, ther- 
mal noise jeopardizes the reliable handling of information in both cases. 
There is no doubt that internal noise interferes, to some degree, with 
the functioning of all cells, but the important question is whether this 
is of practical or merely academic importance. In this study we have 
asked whether in some cases intracellular noise may present a signifi- 
cant and measurable obstacle to cell function under physiologic con- 
ditions. 


Experimental Design 


By comparing the anticipated loss of proliferative cells due to ther- 
mal injury at physiologic temperature with the actual spontaneous loss, 
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one can see how significant a role thermal noise plays in the spontaneous 
inactivation of these cells and to what extent thermal noise may de- 
termine the natural rate of cell turnover. 

The naturally occurring or spontaneous loss of proliferating cells at 
physiologic temperatures can be measured by measuring the discrep- 
ancy between the mean cell generation time and the population dou- 
bling time. That is to say, if cells are being lost from a growing popula- 
tion, the population will fail to double in one mean generation time, 
and the generation time will be less than the doubling time. 

The effects of thermal noise may be very subtle at body temperature, 
but, according to Equation 1, the mean energy of thermal perturba- 
tions can be amplified by increasing the temperature. If thermal noise 
is amplified at elevated temperature to the extent that it becomes an 
overriding factor in cell survival, then its effects can be identified and 
quantified. These measurements can then be extrapolated down to 
37 C to estimate the magnitude of thermal injurv at physiologic tem- 
peratures. Since the temperature of mammalian cells can only be ma- 
nipulated accurately in vitro, we have used the rate of loss of clone- 
forming cells in vitro as a measure of the rate of thermal injury. 


Materials and Methods 


All of these experiments were carried out on a subline of the V strain of Chinese 
hamster cells originally isolated from lung tissue by Ford and Yerganian.? Cells 
were grown in Eagles medium * enriched with 15% fetal calf serum. 


Thermal Injury 


Details of the method used in measuring the rates of thermal injury have been 
presented previously. Briefly, the procedure was as follows. Known numbers of 
cells were plated in culture flasks and allowed to attach to the glass for 3.5 hr 
at 37 C. Flasks were then placed in incubators at elevated temperatures for various 
periods of time. After heat treatment the flasks were returned to the 37 C incubator 
for 1 week, after which time cells were fixed and stained so that clones could 
be counted. The number of clones per cells plated in the experimental flask was 
divided by the number of clones per cells plated in control flasks to obtain the 
fraction of surviving clones. Cell survival was calculated from clone survival. 


Population Doubling Time 


For each measurement of doubling time, 105 cells were placed in each of 6 
flasks and allowed to grow at a fixed temperature. At various times on each of the 
following 2 days, cells were trypsinized and counted in a Coulter counter. Each 
count was done during the logarithmic growth phase. At temperatures other than 
37 C, attempts were made to measure the effects of temperature adaptation on 
the rate of cell population growth. Population growth rates were measured in 
colonies which had been seeded from stock cultures which had been temperature 
adapted for 1 to 14 days. The length of adaptation had no measureable effect 
on the population growth rates. 
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Mean Cell Generation Time 


The mean cell generation time can be measured by the method of percent 
labeled mitoses. This is done by flash-labeling a cohort of cells with tritiated 
thymidine and following this cohort autoradiographically as it proceeds through 
two successive mitoses. Cultures were grown at 37 C for 48 hr on cover slips in 
Leighton tubes. The medium was then aspirated and replaced by medium con- 
taining 0.05 uCi of tritated thymidine/ml (specific activity 1.9 Ci/mM ). After 
15 min the radioactive medium was removed. The cultures were rinsed immediately 
with Puck saline A (PSA), and fresh medium containing nonradioactive thymidine, 
1 ug/ml, was added. Cultures were then incubated at 34, 37, or 39 C. At various 
intervals after 3H labeling, cultures were removed from the incubator, washed with 
PSA, and fixed in absolute methanol. Cover slips were cemented to glass slides 
with the cells exposed. The slides were dipped in Kodak NTB2 liquid emulsion 
and processed for autoradiography. 


Results 


It must be emphasized at the outset that, in these experiments, cell 
survival implies survival of a cell’s clone-forming ability—its capacity 
to give rise to some eight or more successful mitotic divisions resulting 
in a clone of over 300 cells. Nonsurvivors are cells which are unable to 
give rise to a grossly visible clone in 7 days. These cells, having lost 
their proliferative capacity, are unable to contribute to the growth of a 
cell population and will be referred to as dead cells. It must be remem- 
bered, however, that although such cells are reproductively dead we 
have no way of knowing from these data just what fraction of them 
may be metabolically dead. 


Thermal Death Rate 

The progressive destruction of cell proliferative capability at various 
elevated temperatures is shown by the survival curves in Text-figure 1. 
The decrease in survivors of thermal injury is more rapid at higher 
temperatures, as would be expected. The survival curves are expo- 
nential, so that the slopes give the rate constants (ki) for each tem- 
perature. Least squares regressions were calculated in each case, and 
the slopes of these were taken as rate constants, which were then plot- 
ted on Arrhenius coordinates as shown in Text-figure 2. The least 
squares regression line for these points (solid line) has been extrap- 
olated down to 37 C, indicating a thermal death rate (ka) of 0.002/hr 
at normal body temperature. This agrees with an earlier series of ex- 
periments,® the results of which are indicated by the dashed line of 
Text-figure 2. 

This means that if the relationship between temperature and cell 
death rate which operates from 46 through 41 C also extends to 37 C, 
then 0.2% of cells must become reproductively dead each hour, due to 
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Texr-Fic 1—Survival 
curves for clone-forming 
cells at various tempera- 
tures. 


FRACTION OF CELLS SURVIVING (%) 
[e] 
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heat injury at physiologic temperature. The fibroblasts used in these 
experiments have a mean generation time of about 10 hr, so that the 
thermal death rate at 37 C is about 2% generation. 


Rate of Spontaneous Cell Death 


The rate at which cells are lost from a proliferating population can 
be measured by the discrepancy between the mean cell generation 
time (ts) and the population doubling time (tp). If all cells in a popu- 
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Text-Ficg 2— Cell death rate (ka) plotted against temperature on Arrhenius coordi- 
nates. The continuous line is the regression line for the data points (open circles). The 
dashed regression line is for data points of a previous experiment. The extrapolation 
to 37 C is indicated. 
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lation continue to proliferate, the size of the population should double 
in one mean generation time. If cells are steadily lost from the pro- 
liferative pool, the population will fall short of doubling in one mean 
generation time. Here again, the observed effect is the failure of a cell 
to take part in the exponential growth of the population; this will be 
referred to as reproductive death, although the affected cell may or 
may not be metabolically dead. 

The rate of population growth is equal to the rate of cell prolifera- 
tion minus the rate of cell death. In terms of rate constants, 


k, — k, T ka (2) 


where k, is the rate constant for population growth, k, is the rate con- 
stant for the generation of new cells, and ka is the rate constant for cell 
death. 

The growth curves of cell populations at 35, 37 and 39 C are shown 
in Text-figure 3, and the corresponding doubling times (tp) are given. 
The population doubling time shows only a weak temperature de- 
pendence. 

The curves of percent labeled mitoses at 34, 37 and 39 C are shown 
in Text-figure 4, and the mean generation times are indicated. The 
length of the mitotic cycle is more sensitive to temperature variation 
than is the population growth rate. 
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Text-Fic 3—Population growth curves at 3 different temperatures. Population dou- 
bling times (tp) are indicated. 
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The time constants (t; and tg) can be converted to rate constants, 
since 


ET n2 and beue s 
These rate constants are plotted against temperature in Text-figure 5. 
The difference between the rate constants can be interpreted as the 
rate of cell death (ka) as in Equation 2. The rate of spontaneous cell 
death is strongly temperature dependent; it is scarcely perceptible be- 
low 37 C and increases sharply above 37 C. 

Spontaneous death rates are compared witli thermal death rates in 
Text-figure 6. Spontaneous death rates at 37 and 39 C are nearly iden- 
tical to the expected thermal death rates at those temperatures. This 
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Text-Fic 4—Percent of mi- 
totic figures labeled after flash- 
labeling with tritiated thymi- 
dine. Mean generation time 
(duration of mitotic cycle) is 
given for each temperature. 
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Text-Fic 5—-Cell generation constants (solid circles), and population growth con- 
stants (open circles) versus temperature. The difference between these values is the 
death rate constant, ka, which increases sharply with increasing temperature. 


means that the spontaneous loss of cells observed at physiologic tem- 
peratures can be almost completely accounted for by the same kind of 
thermal injury which is responsible for cell inactivation at high tem- 
peratures. 


Discussion 

All cell populations, in vito and in vivo, apparently suffer a con- 
tinual loss of cells, even under ideal conditions. This is a prominent 
feature of cell renewal populations such as hemopoietic tissue and in- 
testinal epithelium. Under normal physiologic conditions there is also 
a steady basal level of cell turnover in such stable cell populations as 
hepatic and renal? parenchyma. Even the nonproliferative neuron 
population undergoes a continuous attrition throughout life: by the 
time the mouse reaches advanced old age it has lost about two-thirds 
of its original neuron population.? 

Continuous cell loss is also characteristic of cell populations in vitro, 
as evidenced by the failure of populations to double with each genera- 
tion. If this failure simply represented an initial growth fraction of less 
than one, the discrepancy between generation time and population 
doubling time would disappear as the population continued to grow. 
The discrepancy remains constant, however, signifying a constant rate 
of cell loss from the proliferating population, either by reproductive or 
metabolic death.’ A constant death rate is characteristic of established 
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Text-Fic 6—Actual spontaneous death rates at physiologic temperatures (solid circles) 
coincide with the extrapolation of thermal death rates at elevated temperatures (open 
circles). 


cell lines, in which ka remains small relative to kg, and the population 
growth constant (kp) remains positive so that the population continues 
to grow at a constant rate after any number of passages. Primary cell 
lines such as human diploid cells are fundamentally different in this 
respect; the death rate increases with time, so that ka eventually ap- 
proaches k, and, using Equation 2, the population growth constant 
(kp) approaches zero, so that the population can no longer be sub- 
cultured." Interestingly enough, mouse neurons in vivo, like diploid 
cells in vitro, also have an accelerating death rate constant.’ 

Our experiments show that the basal death rates of cells in vitro, 
and perhaps in vivo, are largely a result of thermal perturbations, or 
thermal noise. One wonders about the chemical nature of this thermal 
injury. Our data allow us to draw several inferences. The slope of the 
Arrhenius plot indicates that this process has a heat of activation of 
185,000 cal/mole and an entropy of activation of approximately 500 
entropy units. These large values mean that the critical chemical re- 
action is preceded by a denaturation equilibrium involving the rupture 
of many hydrogen bonds. This implies the loss of tertiary structure in a 
macromolecule. The chemical injury is one which cannot be repaired 
in 7 days, suggesting an irreversible change in DNA rather than in a 
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protein or RNA molecule which could be replaced. Because of the 
high activation energy, denaturation of DNA is more likely than chem- 
ical degradation such as depurination, which has an activation energy 
of only 28,000 cal/mole.'? But these inferences are highly speculative. 
All one can really say for certain from our data is that the same thermal 
injury which disables cells rapidly at 46 C also disables cells slowly 
at 37 C. 

All ordered things drift inevitably toward chaos. Since living things 
must maintain a certain level of order for survival, life is largely a strug- 
gle against this tendency.? The continuous random motion at the 
molecular level which we call thermal noise is a manifestation of na- 
tures tendency toward disorder. The disruptive effect of thermal noise 
limits the efficiency of information handling organs such as the kid- 
ney !* and the brain. From the experiments presented here, it now 
appears that thermal noise also limits, to a significant degree, the 
storage of information in macromolecules and thus limits the lifespans 
of cells. When we consider the broad implications of this, it seems 
likely that we may suffer more from the hazards of our internal thermal 
noise than from the insults of our external environment. 
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Induction of the Generalized Shwartzman Reaction 
in Pregnant and Nonpregnant Rats by Colchicine 


Gert Müller-Berghaus, MD and Rolf Obst, MD 


The intravenous injection of colchicine (2 mg/kg body weight) into pregnant 
rats on the last 4 to 5 days of gestation induced disseminated intravascular coagula- 
tion, occluding glomerular capillaries with fibrin thrombi, typical of the generalized 
Shwartzman reaction. Thrombi did not form earlier than 9 hours after the injec- 
tion of colchicine, whereas in the endotoxin-induced generalized Shwartzman 
reaction, thrombi were already observed 215 hours after the injection of endotoxin. 
The colchicine-induced generalized Shwartzman reaction could also be produced 
in hysterectomized “pregnant” rats. A single injection of colchicine into non- 
pregnant rats did not induce disseminated intravascular coagulation. If, however, 
fibrinolysis was inhibited with ¢-aminocaproic acid, the colchicine-induced gen- 
eralized Shwartzman reaction could also be elicited in nonpregnant rats. In this 
regard fibrinolysis inhibition represents one mechanism by which pregnancy 
prepares for the generalized Shwartzman reaction (Am J Pathol 69:131-138, 
1972). 


THE GENERALIZED SHWARTZMAN REACTION can be produced 
in rabbits with two appropriately spaced intravenous injections of 
endotoxin.’ In the pregnant rabbit or rat it can be elicited by a single 
injection of bacterial endotoxin.^^ The reaction is characterized by the 
appearance of glomerular capillary thrombi, leading to bilateral cor- 
tical necroses of the kidneys.* Glomerular capillary thrombosis is me- 
diated by disseminated intravascular coagulation." 

Similar pathoanatomic changes are observed in pregnant golden 
hamsters in response to a single intraperitoneal injection of colchi- 
cine.^* The importance of pregnancy is of particular interest, since, 
until now, the generalized Shwartzman reaction could not be induced 
by colchicine in a nonpregnant animal. This drug blocks mitosis, lead- 
ing to cell death. It has been proposed that the injection of colchicine 
causes fetal death and damages the placenta.’ Consequently, thrombo- 
plastic material released from the pregnant uterus would initiate intra- 
vascular coagulation. This theory implies that the pregnant uterus, 
placentae and fetuses are required to induce the generalized Shwartz- 
man reaction. 
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The aim of this study was to transfer the model of colchicine-induced 
Shwartzman reaction to another species and evaluate the importance 
of pregnancy. The results demonstrate that the generalized Shwartz- 
man reaction could be initiated by a single injection of colchicine into 
the pregnant rat. Furthermore, the generalized Shwartzman reaction 
could be evoked in nonpregnant rats, if activation of the fibrinolytic 
system was inhibited by c-aminocaproic acid. 


Materials and Methods 


Animals 


Female albino Sprague-Dawley rats weighing 200 to 300 g were used throughout 
this study. All of the animals were fed Altromin K laboratory chow and given tap 
water ad libitum. 


Hysterectomy 


Hysterectomy was performed on animals in their twentieth day of pregnancy. 
Ether was used as an anesthetic. The uterus with its various horns was removed 
after applying one ligature around the cervix and two ligatures between the right 
and left ovaries and the uterus, thus leaving the ovaries in situ. Subsequently, the 
abdomen was sutured. In sham-operated animals, the uterus was pulled out of the 
abdominal cavity, reposited and the abdominal walls sutured. The entire procedure 
lasted about 10 to 15 minutes. 


Colchicine 


Colchicine (Merck, Darmstadt, Germany) was dissolved in sterile, pyrogen-free 
physiologic saline solution to obtain a concentration of 1 mg/ml. The rats were 
injected intravenously with 2 mg of colchicine/ kg body weight. 


Endotoxin 


Escherichia coli endotoxin, O55:B5, lipopolysaccharide B (Difco Laboratories, 
Detroit, Mich.) was used. The endotoxin was freshly dissolved in sterile pyrogen- 
free isotonic saline before every experiment, so that 400 ug were contained in 1 ml 
of saline. The rats were anesthetized with ether and the endotoxin administered 
through the lateral tail vein. 


e-Aminocaproic Acid 


In rats that received an inhibitor of the fibrinolytic system, 200 mg of ¢-amino- 
caproic acid (EACA) were injected intraperitoneally 8, 9 and 10 hours after the 
administration of colchicine, in 3 doses, for a total dose of 600 mg. Control animals 
received the same volume of saline instead of EACA. 


Histology 


Necropsies were performed immediately after death. Organs were fixed in 5% 
neutral formalin and histologic sections stained with hematoxylin and eosin. Fibrin 
was detected by the dimethylaminobenzaldehyde-nitrite reaction for the histochem- 
ical demonstration of tryptophane, according to the method described by Adams.? 
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Results 
Group 1. Induction of the Generalized Shwartzman Reaction in the Pregnant Rat 


Sixteen nonpregnant rats were injected with colchicine (2 mg/kg); 
62 pregnant rats were given the same dose of colchicine on different 
days of gestation (Table 1). All animals survived for at least 10 hours 
after the injection of colchicine. Those surviving longer were sacrificed 
12 to 48 hours postinjection. 

At necropsy, nonpregnant rats injected with colchicine did not show 
any hemorrhages. The gross appearance of the lungs, spleen and ad- 
renal glands were within normal limits, livers of most animals were 
fatty and their kidneys were sometimes hyperemic. C olchicine- 
treated pregnant rats differed from nonpregnant animals; their kidneys 
were enlarged and hyperemic and sometimes petechial hemorrhages 
were seen on their surfaces. The lobular pattern of the liver was mostly 
accentuated, and livers were fatty; spleen, adrenal glands and lungs 
were within normal limits. 

The most striking differences were those seen histologically. Colchi- 
cine triggered the formation of glomerular capillary thrombi in all 32 
rats on days 19, 20 and 21 of gestation at the time of the injection 
( Table 1). The incidence of glomerular capillary thrombi was reduced 
in rats with shorter gestational periods. Fibrin thrombi in the kidneys 
were first observed on day 16 of gestation. None of 16 nonpregnant 
rats showed renal fibrin thrombi. 

The incidence of microthrombi in other organs is summarized in 
Table 1. Fibrin thrombi were never seen in the lungs or adrenal glands, 
regardless of whether animals were pregnant or nonpregnant. Most 
interestingly, fibrin thrombi were detected microscopically in the liver 
and spleen of pregnant as well as nonpregnant rats. The frequency 
with which fibrin was found in the liver and spleen did not seem to be 
related to pregnancy, since the percentage incidence did not increase 
with the duration of pregnancy. 


Group 2. Time Dependence of the Occurrence of Microthrombosis after Colchicine 
and Endotoxin Injections 


Thirty-three pregnant rats were injected with colchicine on day 20 
of gestation and sacrificed at different intervals after the administration 
of colchicine. Forty-two pregnant rats were injected with endotoxin 
on day 20 of gestation and surviving animals were sacrificed 24 hours 
later. When the colchicine-treated animals were sacrificed 9 or 10 
hours after the injection, the kidneys were pale and patchy, whereas at 
12 hours postinjection the kidneys were enlarged and hyperemic. 
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Table 1—Incidence of Microthrombosis in Kidneys, Lungs, Liver, Spleen and Adrenal 
Glands and Incidence of Focal Liver Necrosis after Intravenous Injection of Colchicine 
into Pregnant and Nonpregnant Rats* 





incidence of 
hepatic focal 
Incidence of Incidence of necrosis Incidence of Incidence of 











Length of glomerular pulmonal and/or splenic adrenal 
gestation capillary micro- micro- micro- micro- 
(days) | thrombosis — thrombosis thrombosis thrombosis thrombosis 

e 0/16 0/16 5/16 2/16 0/16 
10 0/3 0/3 0/3 0/3 0/3 
14 0/5 0/5 4/5 1/5 0/5 
16 1/7 0/7 2/7 1/7 0/7 
17 3/7 0/7 3/7 0/7 0/7 
18 6/8 0/8 4/8 4/8 0/8 
19 9/9 0/9 3/9 3/9 0/9 
20 13/13 0/13 4/13 7/13 0/13 
21 10/10 2/10 2/10 3/10 0/10 





* Values given as the ratio of number of animals affected to number of animals tested 


Glomerular capillary thrombi were first observed 9 hours after the in- 
jection of colchicine, whereas, in the endotoxin-induced generalized 
Shwartzman reaction, fibrin was already detected 2% hours after the 
administration of endotoxin (Table 2). Fibrin was found in the glo- 
merular capillaries of all colchicine-treated animals 12 hours after lie 
injection. Renal cortical necrosis was observed onlv in animals sacri- 
ficed 12 hours after postinjection, whereas, in the endotoxin-induced 
generalized Shwartzman reaction, renal cortical necrosis was already 
seen 9 hours after endotoxin was administered. The presence of fibrin 
thrombi in liver and spleen parallels the appearance of renal thrombi 
( Table 2). 


Group 3. Induction of the Generalized Shwartzman Reaction by Colchicine in 
Hysterectomized “Pregnant” Rats 


The importance of the conceptus was studied in 12 rats hysterectom- 
ized on day 20 of gestation. Colchicine was injected immediately after 
the operation. Fibrin thrombi were found in the glomerular capillaries 
of all hysterectomized as well as the 5 sham-operated animals after the 
injection of colchicine ( Table 3). 

Group 4. Production of the Generalized Shwartzman Reaction by Colchicine in 
Nonpregnant Rats Treated with :-Aminocaproic Acid 


The observation that pregnancy is associated with the retention of 
glomerular 'apillary thrombi by fibr inolvsis inhibition *!^'* made it 
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Table 2—Incidence of Renal Cortical Necrosis and Microthrombosis in Renal Glomerular 
Capillaries, Liver and Spleen at Different Times after Intravenous Injection of Endotoxin 
or Colchicine into Pregnant Rats* 





Incidence 
of hepatic 
Time after Incidence incidence focal Incidence 
injection of of of necrosis of 
endotoxin or glomerular renal and/or splenic 
colchicine No. of capillary cortical micro- micro- 
(hours) Treatment Rats thrombosis necrosis thrombosis thrombosis 
2i Endotoxin 2d 2/2 0/2 — — 
3 Endotoxin 14d 11/14 0/14 — — 
à Endotoxin 8d 6/8 0/8 — — 
9-10 Endotoxin 4d 4/4 3/4 — — 
12-24 Endotoxin 14d,s 6/14 6/14 — m 
6 Colchicine As 0/4 0/4 0/4 0/4 
8 Colchicine 5s 0/5 0/5 0/5 0/5 
9 Colchicine 7s 2/7 0/7 4/7 3/7 
10 Colchicine 9s 5/9 0/9 2/9 0/9 
12 Colchicine 8s 8/8 4/8 4/8 3/8 


* Values given as the ratio of number of animals affected to number of animals tested 
d — animals died; s — animals sacrificed 


reasonable to substitute the exogenous inhibition of the fibrinolytic 
svstem for pregnancy. Fifteen nonpregnant rats were injected with 
colchicine. Ten of these were injected intraperitoneally three times 
with 200 mg of EACA 8, 9 and 10 hours after the administration of 
colchicine, whereas 5 rats (controls) received saline instead of EACA. 
The animals were sacrificed 11 hours after the injection of colchicine. 
In 9 of 10 animals injected with colchicine and EACA, fibrin thrombi 
were found in the glomerular capillaries, whereas thrombi were not 
detected in the controls. The degree of thrombosis in glomerular 
capillaries seemed less in nonpregnant rats treated with EACA than in 
pregnant rats. 


Table 3—Incidence of Renal Glomerular Capillary Thrombosis after Intravenous Injection 
of Colchicine into Hysterectomized or Sham-Operated Pregnant Rats* 





incidence of 
No. of glomerular capillary 
Treatment Rats thrombosis 
Hysterectomy 12 12/12 
Sham operation 5 5/5 


* Values given as the ratio of number of animals affected to number of animals tested 
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Table 4—Incidence of Renal Glomerular Capillary Thrombosis after Intravenous Injection 

of Colchicine into Nonpregnant Rats Treated with e-Aminocaproic Acid (EACA) or Isotonic 

Saline* 

————X————————— ——————————— IURIS ee 
Incidence of 


No. of glomerular capillary 
Treatment Rats thrombosis 
EACA 10 9/10 
Saline 5 0/5 





* Values given as the ratio of number of animals affected to number of animals tested 


Discussion 


The injection of colchicine into pregnant rats caused disseminated 
intravascular coagulation with fibrin thrombi in the renal glomerular 
capillaries characteristic of the generalized Shwartzman reaction. Bi- 
lateral renal cortical necroses as well as hemorrhages and necroses in 

various organs were observed. Glomerular capillary thrombi were 
found in 100% of the rats on day 19 to 21 of gestation who lived at 
least 12 hours after the injection of colchicine. Renal cortical necrosis 
occurred secondary to the occlusion of glomerular capillaries, since 
necrosis was not seen before the generation of microthrombi. The re- 
sults demonstrate that colchicine may induce the generalized Shwartz- 
man reaction in other species besides the golden hamster. Interestingly 
enough, endotoxin, the most studied procoagulant substance, does not 
induce the generalized Shwartzman reaction in either the nonpregnant 
or pregnant golden hamster.* If endotoxin is injected into a pregnant 
rat, fibrin strands can be seen in the glomerular capillaries as early as 

& hours after the injection of endotoxin. If, however, colchicine is used 
to induce the generalized Shwartzman reaction, the first fibrin thrombi 
were seen 9 hours postinjection, indicating a quite different mech- 
anism for triggering the coagulation system. Since colchicine does not 
act directly on the coagulation system, several indirect pathways have 
been postulated to explain the induction of disseminated intravascu- 
lar coagulation. Initially it was thought that endotoxin was released 
from the gastrointestinal tract into the circulatory system after colchi- 
cine injection.‘ This explanation for the effect of colchicine in the 
golden hamster had to be abandoned, since endotoxin did not ini- 
tiate disseminated intravascular coagulation and sterilization of the 
gastrointestinal tract failed to reduce the incidence of colchicine- 
induced generalized Shwartzman reaction.* 

The observation that all fetuses were macerated at the time of au- 
topsy suggested the theory that procoagulant material might have been 
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released by macerated fetuses or placentas. We examined this theory 
by trying to induce the generalized Shwartzman with colchicine in 
hysterectomized pregnant rats. The importance of uterus, fetus and 
placenta was excluded, since all hysterectomized rats developed the 
generalized Shwartzman reaction after colchicine injection. However, 
in the golden hamster, hysterectomy prevented the reaction. It can- 
not be decided whether species differences, different timing or an- 
esthetics are responsible for these contrasting results. It is known that 
agents such as anesthetics which influence vasomotor activity have 
modifying effects on the induction of the generalized Shwartzman 
reaction. That the uterus, fetus and placenta do not plav an im- 
portant role in the generalized Shwartzman reaction is stressed by 
the observation that, in hysterectomized pregnant rats, this reaction 
can still be induced by a single injection of endotoxin."? 

Since the uterus, fetuses and placentas are not essential for the in- 
duction of the generalized Shwartzman reaction in the pregnant rat 
by colchicine injection, it seemed conceivable that it could be produced 
in the nonpregnant rat. However, a single injection of colchicine did 
not induce the reaction in these animals until the fibrinolytic system 
was inhibited. These findings again demonstrate that the uterus, fetus 
and placenta are not necessary for the induction of colchicine-induced 
generalized Shwartzman reaction in the rat, Obviously, fibrinolysis 
inhibition is at least one mechanism by which pregnancy prepares for 
the colchicine-induced generalized Shwartzman reaction. This obser- 
vation is in accordance with experiments by Margaretten et al^ who 
established the importance of fibrinolysis inhibition in the thrombin- 
induced generalized Shwartzman reaction in the rat. 

The present study demonstrates that only the third trimester of 
pregnancy prepares for the generalized Shwartzman reaction. This is 
true whether the reaction is induced by colchicine or by endotoxin. 
Most likely, inhibition of the fibrinolytic system, which increases dur- 
ing the course of pregnancy and is most pronounced at the time of 
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Ultrastructural and Histochemical Studies of 
Murine Megacolon 


Robert P. Bolande, MD and William F. Towler 


The myenteric plexus of the colon was studied ultrastructurally in a colony of 
an Ls/Ls strain of mice manifesting a piebald coat color mutation associated with 
a high incidence of genetically determined aganglionic megacolon. Ultrastructural 
studies were histochemically supplemented by the Maillet technic and stains 
for acetylcholinesterase and catecholamines. The development of megacolon 
did not appear to require total aganglionosis, since ostensibly aganglionic areas 
contained rare ganglion cells. In the distal narrowed segment, both cholinergic and 
adrenergic fibers in the muscularis, submucosa and mucosa were somewhat re- 
duced. In the mouse, the dilated portion showed an abrupt increase in adrenergic 
fibers. These findings are related to the pathophysiology of the disorder. The in- 
creasing degenerative changes seen in myenteric plexus structures from the fetus 
to adult suggest that aganglionic megacolon may be an abiotrophy, wherein the 
congenitally deficient myenteric plexus may be unusually predisposed to postnatal 
injury and degeneration (Am J Pathol 69:139—162, 1972). 


Ir HAS BEEN APPRECIATED for some time that the profound 
constipation and megacolon characterizing Hirschsprungs disease 
is associated with a deficiency of ganglion cells in the myenteric plexus 
of the distal colon.'* A sizable body of information has accumulated 
concerning the details of the gross and microscopic anatomy of this 
disease from which a rational surgical treatment and cure have been 
developed." Nevertheless, considerable uncertainty and confusion about 
many aspects of its pathophysiology and pathogenesis still exist. 

The degree of neural deficiency needed to produce the clinical and 
pathologic features of Hirschsprung's disease is uncertain. Complete 
aganglionosis is required by many pathologists for a histologic diag- 
nosis of Hirschsprung's disease. Yet fairly severe megacolon lius been 
observed in which ganglion cells are reduced in number rather than 
completely absent; this has been referred to as hypoganglionosis.*? 
Conversely, the degree to which the myenteric plexus structure can 
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be reduced and the bowel still maintain its relatively normal function 
is unknown. 

The deficiency of ganglion cells and the abnormality of myenteric 
plexus structure is generally assumed to result from a defective mi- 
gration of pn ganglion cell precursors of the peu crest 


been firmly established Similarly, e role played. by "m iens 
togenic or other postnatal influences in the evolution of megacolon has 
not been fully delineated." 

The distal narrowed segment is generally thought to result from 
the spastic, contracted state of the muscularis. Parasympathetic 
stimulation ordinarily results in spastic contraction of the intestine, 
while sympathetic stimulation results in relaxation and dilatation. A 
parasympathetic deficiency of the bowel wall would seem to be in- 
consistent with a spastic state of the narrowed segment. Thus, some 
have maintained that the narrowed segment is, in reality, flaccid and 
incapable of transmitting peristalsis. It is a well-known physiologic 
fact that denervated smooth muscle is abnormally sensitive to stimuli 
and tends to contract permanently (Cannon’s Law). According to 
Ehrenpreis? Cannon’s law offers "a simple and perfectly good ex- 
planation of the pathophysiology in Hirschsprung’s disease, covering 
all the observations made by different methods of approach." 

Recent physiologic studies have shown that in Hirschsprung’s dis- 
ease there is an abnormal anorectal reflex.!** In normal individuals, 
distension of the rectum causes reflex relaxation of the internal anal 
sphincter, permitting evacuation. This reflex does not occur in indi- 
viduals with Hirschsprungs disease. Indeed, high muscular tone 
of the entire distal colon seems to be maintained and the colon appears 
to be incapable of relaxation, even after sympathetic stimulation.'"* 

Histochemical technics capable of specifically demonstrating the 
presence of catecholamines and acetylcholinesterase in nervous tis- 
sue have been developed. These methods have proved useful in at- 
tempts to study the interplay of adrenergic and cholinergic effects on 
the terminal autonomic nervous system in normal intestine and in 
Hirschsprung’s disease.?^? These ‘studies have been aimed at rec- 
onciling some of the peculiar features of the disease and have sug- 
gested explanations of its pathophysiology through variations in the 
terminal autonomic nervous innervation of the colon. The use of some 
of these technics in the diagnosis of Hirschsprung’s disease has been 
proposed.?' 7? 


Elucidation of the ultrastructural morphology of the terminal au- 
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tonomic nervous system **** has made it possible to distinguish cholin- 
ergic and adrenergic nerve fibers by the structural nature of their 
neurosecretory contents. Nerve fibers were found to contain both 
small, clear vesicles (200 to 500 À in diameter), as well as dense-core 
granules (500 to 1100 À in diameter). The former probably represent 
acetylcholine, while the latter are thought to represent norepinephrine 
or related biogenic amines. In addition, the fine features of the presy- 


* 


naptic axon and its axosomatic and axodendritic junctions with gang- 
lion cells, as well as terminations of the postganglionic fibers at the 
neuroeffector site have been described ( Figures 1 and 2). 

The innervation of the intestinal tract has been specifically studied 
by a number of investigators, and the knowledge derived has helped 
to form a basis for the ultrastructural study of aganglionic mega- 
colon : 33—41 

The purpose of this study was to apply a combination of ultra- 
structural and histochemical technics to study of the terminal auto- 
nomic nervous system relationships in a genetic form of megacolon 
in the lethal spotted (Ls) mutant strain of mice. Through such an 
approach it was hoped that answers to some of the questions, cited 
above, concerning the nature and pathogenesis of megacolon in both 
mouse and man, might be suggested. 


Materials and Methods 


A colony of the Jackson Laboratory lethal spotting strain of CS7BL-a-- mice was 
established for study.*?-** This mouse strain, characterized by a black-and-white, 
spotted or piebald mutation in coat color, manifests a high incidence of aganglionic 
megacolon (Figure 3). It is derived from an Agouti-colored parent strain which is 
heterozygous for the genetic defects described. By cross-breeding black and white 
homozvgotes (Ls/Ls), it was possible to produce litters in which all sibs had 
aganglionosis.** Cross-breeding must be carried out prior to 3 months of age since, 
after this time, the homozygotes tend to sicken and die from megacolon. 

A total of 45 mice from 16-day-old fetuses to 3 months of age were studied; all 
showed clear-cut histologic evidence of aganglionosis and/or megacolon. Particular 
emphasis was placed on the 16 animals which had severe gross megacolon. Gross 
megacolon is manifested as a markedly distended colon filled with either soft, 
gelatinous fecal material or a condensed, impacted mass of fecal pellets extending 
into the proximal rectum. A short, narrow segment from distal rectum to anus which 
is devoid of feculent material is always present (Figure 4). This contrasts markedly 
with the narrow caliber and beaded configuration caused by small fecal pellets, seen 
in normal mice. The experimental animals were compared with a series of normal 
Agouti control mice of comparable age. The experimental series is recorded in 
Table 1. 

The animals were sacrificed by cervical dislocation; the abdominal contents were 
immediately immersed in 6.25€ buffered gluteraldehyde, in which dissection and 
final sectioning of the colon were carried out. Tinv sections of the colon, which were 
oriented cephalocaudally to include samples of the distal narrowed segment, dilated 
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Table 1--Study Series of Ls/Ls Mice 
Step ee eh nt te tn 





Age Aganglionic Gross Megacolon 

Fetuses (16 to 19 days' gestation) 10 0 
Newborns (day 1) 7 0 
Day 7-8 12 1 
2 to 3 Weeks 8 8 
4 to 6 Weeks 4 3 
Adults (7 Weeks-3 Months) 4 4 

Total 45 16 


Mese ER C E RR 


segment and proximal normal colon, were fixed for 1 hour in glutaraldehyde. These 
tissues were washed in buffered sucrose and postfixed in 1% OsO, in acetate- 
veronal buffer, then dehydrated in graded alcohols and embedded in Araldite. Ul- 
trathin sections (0.1 u) were prepared on a Porter-Blum microtome and stained 
with toluidine blue (0.5%). These sections were evaluated, histologically and 
optimal blocks were selected from them for electron microscopy. From these blocks, 
carbon-coated Formvar grids, doubly-stained with aqueous uranyl acetate and lead 
citrate, were prepared. The grids were examined on an RCA-EMU-3H electron mi- 
croscope. 

In 4 Ls/Ls mice (age 3 weeks) which showed severe gross megacolon, frozen 
sections were prepared from different levels of fresh colon. These sections 
were dried rapidly and stained according to the method of El-Badawi and Schenk 4? 
so as to demonstrate catecholamines and acetylcholinesterase simultaneously. The 
prepared slides were examined by ultraviolet, dark-field 46 and conventional light 
microscopy. Colonic tissue from 4 age-matched Agouti control mice was processed 
in the same manner. 

Fresh colonic tissue from two adult and two 3-week old Ls/Ls mice with gross 
megacolon was prepared and stained according to the method of Maillet.47 Com- 
parable control colons from 2 adult Agouti mice were handled in an identical 
manner, Tiny tissue fragments, which were cephalocaudally oriented, were im- 
mersed immediately in a reagent of 2% OsO, and 3€ Znl, (1:4) for 15 hours at 
room temperature. Tissue aliquots were dehydrated and embedded in both 
paraffin and Araldite. Sections were prepared for light microscopy from the 
paraffin blocks in a conventional manner. Ultrathin sections and Formvar grids 
were prepared from the Araldite blocks, as described above. Sections were then 
studied by light and electron microscopy. The Maillet stain appears to have a 
remarkable selectivity for neural tissue, particularly nonmyelinated nerve fibers, 
nerve terminals and synaptic vesicles.) The stain does not affect adrenergic fibers 
or their dense-core granules; thus it may have some selective affinity for cholinergic 
fibers 48.49 


Results 


Despite the seeming barrenness of the zone between the longi- 
tudinal and circular muscle layers in aganglionic colon, neural struc- 
ture was regularly encountered ultrastructurally. Fairly large axon 
bundles enveloped in Schwann cell cytoplasm were seen. In some 


areas, the nerve fibers tended to be swollen and tortuous and often 
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had lost their distinct neurotubulation ( Figure 5). Dense-core granules 
were rare in these fibers, in contrast with the abundance of such gran- 
ules in normal areas. 

In normal areas, clusters of ganglion cells were present; numerous 
axon bundles enclosed in Schwann cell cytoplasm were seen around 
these clusters. Some of these fibers, which were devoid of Schwann 
cell investment, were closely apposed to ganglion cell cytoplasm or 
its dendritic extensions. These formed preganglionic synapses (axo- 
somatic and axodendritic), which were characterized bv a bulbous 
enlargement of the fiber which could indent the neuronal cytoplasm 
and which contained numerous dense-core granules. 

In overt megacolon, ganglion cells were often found in histologi- 
cally aganglionic areas. Generally, the cells occurred singly, but oc- 
casional clusters of 2 to 3 cells could be identified. The cells were 
small, ovoid and relatively devoid of dendritic extensions. Presynaptic 
axons and nerve trunks were only focally related to their surfaces, 
and synaptic areas were rare. Fibers with dense-core granules are 
unusual in these areas (Figure 10). Large nerve bundles which were 
completely or partially tunicated by Schwann cells were present 
throughout the zone between longitudinal and circular muscle mas- 
ses (Figure 6). In the distal narrowed segment, these nerve fibers 
were unusually swollen and tortuous; they showed evidence of neu- 
rotubular and neurofibrillary disintegration and dense body forma- 
tion (Figure 7). This change seemed characteristic of this area and 
was associated with a marked paucitv of both types of neuro- 
secretory granules within fibers. 

In the intermuscular spaces of the circular and longitudinal muscle 
layers, the aganglionic colon showed the presence of rare axon bun- 
dles. These were not as prominent or numerous as in normal colons; 
clearly there was no increase. Deeper in the muscular layers, the fibers 
tended to become smaller and lose their Schwann cell investment 
and approached the smooth muscle surface without distinct synaptic 
junctions. At this level, fibers with dense-core granules were defin- 
itely seen but were rare and irregularly distributed. Fibers with no 
definite neurosecretory structures or small, clear vesicles were pre- 
ponderant. Occasionally, fibers contained both small, clear vesicles 
and dense-core granules. 

Particular emphasis was placed on the analysis of intermuscular 
fibers within the circular and longitudinal muscles of the distal nar- 
rowed segments; there was clearly no increase in the number and 
size of fibers; generally, the trend was toward a decrease. Analysis of 
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the mucosal and submucosal fibers suggested a marginal degree of 
increase in the narrowed segments, as compared to the dilated or 
normal portions of colon. 

Proceeding proximally into the dilated segment and then into the 
normal areas, there was a gradual increase in numbers of ganglion 
cells, greater evidence of axosomatic and axodendritic synapses, less 
evidence of degenerative alterations and, particularly, a striking in- 
crease in the number of dense-core granules in nerve fibers. Differ- 
ences between the various levels were chiefly quantitative, with the 
exception of the narrowed segment, where swelling and degenerative 
changes in nerve fibers, indicated above, seemed to be distinct and 
pronounced. 

When the series was viewed chronologically, it was apparent ( Ta- 
ble 1) that the development of gross megacolon increases with age 
in aganglionic mice. This seemed to be accompanied by increasing 
evidence of degenerative changes in myenteric plexus constituents. 
There was increasing formation of dense bodies and vacuolar degen- 
eration of cells, so that significant disruption of cell structure took 
place after 4 weeks of age. 

Analysis of the series of late-gestation fetuses showed that normal 
myenteric plexus structure was at first composed of a mosaic of 
closely-packed, round ganglion cells with little intervening Schwann 
cell substance or nerve fibers (Figure 8). Shortly after birth, the 
number of Schwann cells and nerve fibers surrounding the nerve cells 
increased remarkably. In aganglionic (Ls/Ls) mice, the fetuses and 
newborns did not differ significantly. Thre was a distinct reduction 
of ganglion cells in these animals but ganglion cells were clearly 
present. Degenerative changes affecting nerve cells and nerve fibers 
were present to a slight extent in the fetus and newborn as well. 
These changes were characterized bv focal swelling of nerve fibers, 
retraction Hm ganglion cell-cytoplasm and diminution or loss of cyto- 
plasmic organelles (Figures 9 and 10). These degenerative changes 
were not as extensive as those found in animals after 4 weeks of age. 
Furthermore, intact ganglion cells were more frequent and thus easier 
to identify than in older animals. 

Colonic tissue from control Agouti mice stained by the El-Badawi- 
Schenk method revealed, on light microscopy, the intense or ange- 
brown staining of the neurons and nerve fibers within the myenteric 
plexus and submucosal plexus, indicating the presence of acetyl- 
cholinesterase activity. Fine fiber staining was identifed between 
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muscle fibers in both the circular and longitudinal muscle layers; 
fine fiber ramifications were stained in the submucosa which term- 
inated near mucosal glands. Staining appeared to be limited to neural 
tissue (Figure 11). Examination of this material under dark-field 
microscopy revealed illumination of the same sites of staining.“ Fur- 
ther examination of these same slides under ultraviolet light showed 
the presence of adrenergic fibers by their yellowish-green fluorescence, 
which was produced by the Bondensatiom of catecholamines with hot 
formaldehyde vapor to form an intensely fluorescent isoquinolone.” 
Fluorescence was chiefly concentrated around the cell bodies of the 
myenteric plexus. Intermuscular fiber staining was also present, but to 
a much lesser extent. Fibers which contained catecholamine were 
not prominent in the mucosa and submucosa. 

By comparison Ls/Ls mice with megacolon showed a marked 
reduction of both acetylcholinesterase- and catecholamine-staining 
fibers in all lavers of aganglionic colon. The extent of reduction was 
comparable in the narrowed segment and the dilated portion. Rare 
nodular and linear aggregates of dense acetylcholinesterase staining 
were present in the zone between the longitudinal and circular muscle 
layer, suggesting the presence of nerve fibers or rare ganglion cells 
(Figure 12). There was clearly no evidence of increased numbers of 
either acetylcholinesterase- or catecholamine-containing fibers between 
muscle fibers of either the circular or longitudinal muscle layers. 

The distribution of nerve fibers indicated by all the methods used 
was paralleled and emphasized by both light and electron micro- 
scopic studies of Maillet-stained material. The selective intensity of 
the staining reaction in nerve fibers allows for more precise quanti- 
tation, particularly on the electron microscope. W ith the Maillet stain- 
ing technic, the diminution of small intermuscular fibers within the 
circular and longitudinal muscle layers of the distal narrowed seg- 
ment, as well as the slight or marginal increase of mucosal and sub- 
mucosal fibers was reaffirmed ( Figures 13-15). 


Discussion 


The major thrust of this study was based on electron microscopic 
observations. With this method, assessment of quantitative differences 
in nerve cell and fiber constituency was difficult because of the lim- 
itations of sample size. Also, the appraisal of adrenergic and cholin- 
ergic relationships from neurosecretory granule content was subject 
to similar practical and other theoretical criticisms. The histochemi- 
cal studies on a series of mice gave a better quantitative perspective. 
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In our hands, the acetylcholinesterase staining methods proved ex- 
tremely reliable, while the catecholamine fluorescence technic was 
difficult to control. Furthermore, the unequivocal identification of a 
cholinergic fiber by acetylcholinesterase staining alone is not accept- 
able, since it appears clear that adrener gic fibers contain acetylcholin- 
esterase and acetylcholine, as well as nor epinephrine.???' The presence 
of both dense-core granules and small clear vesicles in the same fiber, 
observed by us and others on the electron microscope, goes along with 
this concept.?^ ???7 

Despite the cited weaknesses in methodology, certain semiquanti- 
tive and even qualitative differences seem apparent when ultrastruc- 
ture, acetylcholinesterase staining and the Maillet technic are all used 
to compare aganglionic and normal colon. Ultrastructurally, agang- 
lionic colon has a surprisingly complex and prominent neural struc- 
ture. Large tunicated nerve bundles are present in the zone between 
the circular and longitudinal muscle layers. Extending between mus- 
cle fibers in both the circular and longitudinal lavers are delicate, 
tiny nerve bundles, some of which are probably postganglionic fibers. 
These seem somewhat reduced in number in the aganglionic colon. 

The development of severe megacolon in the mouse does not ap- 
pear to require complete aganglionosis, since rare, and often bizarre, 
degenerate ganglion cells are usually demonstrable in histologically 
aganglionic areas. These tend to be more prominent in the dilated 
portion but may also be found in the distal narrowed segment, par- 
ticularly in the mouse. The term hypoganglionosis would thus seem to 
be more descriptive. 

The distal narrowed segment is characterized by a marked de- 
ficiency of dense-core granules within nerve fibers. At the same time, 
there is a marked swelling and tortuosity of existing nerve fibers 
within the plexus. Proximally there is increasing evidence of dense- 
core granules, particularly in the dilated portion of the colon. We 
could not demonstrate an increase in intermuscular acetylcholinester- 
ase-containing fibers, either histochemically or ultrastructurally. Dis- 
tinct acetylcholinesterase activity, although considerably reduced, 
was present in mouse colon at all levels, but was chiefly limited to 
nerve fibers and rare ganglion cells in the zone between the circular 
and longitudinal muscle layers. Yet a marked diminution of catechol- 
amine fluorescence could be detected in aganglionic colon, so that the 
fluorescent nerve fiber networks ramifying about the ganglion cells 
in normal colon were not identifiable. Also, fine fluorescent fibers 
ramifying between muscle cells could not be identified. Our findings 
are schematically summarized in Text-figure 1. 
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Text-F1iG 1—Schematic representation of pathologic changes in murine megacolon. 
Normal is represented at the top, with changes then shown in the dilated and finally the 
distal, narrowed segments. G — ganglion cells. 


These findings suggest that the narrowed segment of aganglionic 
mouse colon is indeed spastic, as a result of a deficiency of the ad- 
renergic inhibition of cholinergic nervous activity, despite the fact 
that cholinergic nerves are also deficient. The small numbers of the 
latter may still be sufficient to induce spastic contraction in the ab- 
sence of adrenergic innervation. Proximally, increasing adrenergic 
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innervation might cause greater relaxation and dilatation of the bowel, 
but under these conditions the persisting cholinergic deficiency is 
insufficient for adequate propulsion. A similar interpretation is possible 
in the human material, except that the abrupt increase of adrenergic 
fibers in the dilated portion is not as striking. 

It was hoped that the addition of electron microscopic evidence might 
resolve some of the conflicting data derived from previous histochemical 
studies of aganglionic bowel. Both our ultrastructural and histochemical 
findings in the mouse and man are corroborative of the fluorescent 
studies of catecholamine distribution in Hirschsprung’s disease by 
Ehrenpreis et al.** In our ultrastructural material there was a greater 
degree of adrenergic fiber distribution to normal colonic musculature 
than indicated by their studies. We were unable to demonstrate, by 
any method, an increase in cholinergic nerve fibers distributed to the 
aganglionic bowel musculature analogous to that as reported by other 
investigators in human Hirschsprung’s disease.7?7??7*?? Instead, there 
seemed to be diminution of small fibers, demonstrable by electron 
microscopy, and acetylcholinesterase- and Maillet-staining of the distal 
narrowed segment and dilated portions as well. It is possible that the 
mouse might significantly deviate from the human in this regard. Yet 
no increase in intermuscular fibers of the circular and longitudinal 
muscle layers of aganglionic distal colon was apparent to us on ultra- 
structural examination of material from 6 patients with Hirschsprung's 
disease." Similarly, we were unable to demonstrate an increase of 
adrenergic fibers to aganglionic musculature in the mouse, analogous 
to that reported by other workers in humans.???* Our ultrastructural 
findings clearly deviate from the few published reports in this area. 7??* 
These conflicting data emphasize the difficulty and complexity of 
morphologically studying the terminal autonomic nervous system, by 
currently available technics. 

In the murine disease, progressive degenerative changes in mventeric 
plexus structure has important implications. These changes may well 
begin in fetal life and increase in intensity in postnatal life, possibly 
resulting in a progressive diminution of ganglion cells and their ad- 
nexal structures. This is further suggested by an increasing incidence 
of gross megacolon with advancing age in aganglionic mice. It is 
thus conceivable that aganglionic megacolon is an abiotrophy, wherein 
congenitally inadequate innervation of the colon predisposes to on- 
going degeneration of the myenteric plexus in postnatal life. The 
mechanisms accounting for this degeneration are unknown. It is 
clear, in the mouse at least, that some ganglion cells have migrated 


Vol. 69, No. 1 MURINE MEGACOLON 149 
October 1972 


from the embryonic neural crest, but in insufficient quantities. This 
deficiency is genetically determined, but the postnatal degenerative 
changes may be environmentally or metabolically influenced. 

These studies may have some relevance for the clinical approach to 
patients with Hirschsprung's disease. The pathologist should not re- 
quire total aganglionosis in order to suggest the presence of a func- 
tionally abnormal bowel. Conversely, the presence of isolated ganglion 
cells in the presence of other clinical and pathologic features of 
Hirschsprung’s disease in no way assures normal bowel function. 
Secondly, it is conceivable that the congenital deficiencies of neural 
structure present in the bowel might render the myenteric plexus un- 
duly sensitive to injury by adverse metabolic conditions often en- 
countered in the perinatal period—e.g., anoxia, hypoglycemia, aci- 
dosis and electrolyte imbalance. Similarly, these defective structures 
may be unusually prone to injury by other neurotoxic agents in later 
life. It is clear that, in the mouse strain studied, hypoganglionosis is 
the result of a genetic defect which affects neural crest development 
and coat color; the entire syndrome can be explained as arising from 
an abnormality in primitive neuroectoderm. The extent to which ge- 
netic and environmental factors might interact in producing the con- 
genital neural deficiency in the human is unknown. 
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Legends for Figures 


Fig 1—Myenteric plexus of a normal adult mouse. The nucleus (N) and cytoplasm 
of a ganglion cell of the myenteric plexus is shown. The cytoplasm contains numerous 
irregular dense bodies and mitochondria. The free ribosome granules are Nissi sub- 
stance. Closely apposed to the periphery of the cell are tortuous axons containing 
dense-core granules. Indenting the cytoplasm is a pearshaped synapse containing 
both small clear vesicles and dense-core granules (Sy). This is an axosomatic 
synapse. The vesicles probably represent acetylcholine, and the dense-core, granules 
norepinephrine (x 13,900). 


Fig 2—Myenteric plexus of a normal human. Small axon bundles extend between 
the muscle cells of the circular and longitudinal muscle layers. A single axon (arrow) 
is shown leaving the axon bundle to approach the surface of a smooth muscle cell (m) 
after having shed its Schwann-cell tunic. It contains both clear vesicles and dense 
core granules (x 27,000). 


Fig 3—Ls/Ls mouse and Agouti parent strain. The typical black and white coat color 
of the Ls/Ls strain is shown at the left and contrasted with the speckled brown coat 
of the parent Agouti strain. Although these animals are of the same age, note the 
growth retardation in the Ls/Ls mouse due to aganglionic megacolon. 


Fig 4— Mouse megacolon. The enormous dilatation of the colon is apparent in this 
Ls/Ls mouse. Note the distal, narrowed segment devoid of feces (arrow). 


Fig 5-—Ls/Ls mouse with megacolon, age 5 days. This illustrates the surface of a 
rare ganglion cell (G) found in the ostensibly aganglionic distal colon of a very young 
Ls/Ls mouse with gross megacolon. The ganglion cell is structurally intact, but 
swollen axons are in synaptic apposition at only one pole. Occasional dense core 
granules are present in one synapse (Sy). Dense bodies are present in ganglion cell 
cytoplasm and in a swollen axon (A) (x 13,900). 


Fig 6—Ls/Ls mouse with megacolon, age 3 weeks. Large axon bundles are present 
in the zone between the circular and longitudinal muscle layers. Nucleated cells are 
Schwann cells (S) whose cytoplasm extends to enclose nerve fibers. Schwann cell 
cytoplasm is characteristically contained by a double membrane. Fibroblast cyto- 
plasmic processes are present at the bottom and tend to circumscribe the entire 
complex (x 7100). 
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Fig 7—Ls/Ls mouse with megacolon. This shows the marked swelling, tortuosity and 
loss of neurotubulation characteristically found in axon bundles of the distal, nar- 
rowed segment of aganglionic mice. Neurosecretory granules and vesicles are not 
apparent. (x 9100). 


Fig 8—Myenteric plexus of normal mouse fetus at term. The colonic myenteric plexus 
is a mosaic of densely packed ganglion cells with few synaptic forms, or pregan- 
glionic axons intervening. Accordingly, the cells surfaces are smooth and simple. 
Cytoplasmic organelles characteristic of ganglion cells seems fairly well-developed 
(x 9100). 


Fig 9— Newborn aganglionic (Ls/Ls) mouse colon. This shows two degenerate myen- 
teric plexus ganglion cells in apposition. The cells are small, their surfaces irregular 
and devoid of axons on synaptic forms. Cytoplasmic constituents are indistinct 
(x 9100). 


Fig 10——Fetal aganglionic (Ls/Ls) mouse colon. A markediy degenerate cell form 
adjacent to degenerating, but still identifiable fetal ganglion cells (x 9100). 


Fig 11—AChE staining of normal mouse colon. The serosa is at the top and mucosa 
at the bottom. Note the dense staining of ganglion cells and nerve fibers in the 
plexus. Note the extent of fine fiber staining in the circular and longitudinal muscle 
layers and in the submucosa (El-Badawi-Schenk method), x 100). 


Fig 12—AChE staining of aganglionic mouse colon. This shows the area of the 
myenteric plexus. The serosa is at the top. Staining is much reduced from normal 
and limited to a few nerve bundles in the plexus area. Staining of fibers within the 
circular and longitudinal muscle layers is markedly reduced (El-Badawi-Schenk 
method, x 75). 


Fig 13—-Norma! mouse colon. The serosa (s) is above and mucosa (mu) below. The 
dark staining material can be shown ultrastructurally to be limited to neural struc- 
tures. The ganglion celis and periganglionic nerve bundles are heavily impregnated. 
Nerve fibers are stained mainly in the inner muscle layer and submucosa. Note their 
size and distribution. im = inner muscular layer, om = outer muscular layer (Maillet 
technic, x 170). 


Fig 14—Aganglionic mouse colon. There is a marked reduction of staining in the 
plexus. Nerve fibers in the inner muscle layer (im) appear thicker, but are irregularly 
distributed and wider apart. Significant increase in the muscularis, mucosa or sub- 
mucosa is not apparent (Maillet technic, x 170). 


Fig 15—Aganglionic colon Ls/Ls mouse. This shows the selectivity of the Maillet stain 
for neural tissue. In the myenteric plexus an isolated ganglion cell (g) is surrounded 
by densely-staining nerve fibers and trunks. An intermuscular fiber is shown below 
(arrow) (Maillet technic, x 4500). 
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The Morphologic Effects of Dieldrin and Methyl 
Mercuric Chloride on Pars Recta Segments of 
Rat Kidney Proximal Tubules 


Bruce A. Fowler, PhD 


This investigation was undertaken to evaluate the morphologic effects in rat kid- 
ney resulting from chronic exposure to low doses of the pesticide dieldrin, methyl 
mercuric chloride ( CHHgCl) and the combination of dieldrin plus CH;HgCl. 
Histologic and ultrastructural changes were confined to the proximal tubules. 
Alterations in these tubules were consistent and reproducible for each regimen 
and did not become more severe with duration of exposure. The straight segment 
of the proximal tubule (pars recta) was more severely affected by dieldrin and 
CH;HgCl than the convoluted portion. Female rats were more markedly affected 
than males. Pars recta tubule cells of male and female rats exposed to dieldrin 
showed an increase of smooth endoplasmic reticulum (SER). Male rats displayed 
a greater increase in SER than females. Pars recta tubule cells of animals given 
CH,HgCl also exhibited increased amounts of SER, degenerating mitochondria 
and cell death. Pars recta tubules of females were dilated and contained within 
the lumens many spherical, hematoxylin-positive staining, cytoplasmic masses, 
which were visible by light microscopy. These masses were characterized ultra- 
structurally by the presence of an SER aggregate in an area of material similar 
to cell matrix. In addition, cells of the pars recta of female animals contained 
electron-dense membranous cytosomes not present in control animals. Pars recta 
cells of males showed an increase in SER, but the dense membranous cytosomes 
observed in the pars recta cells of female rats were not seen. Rats exposed to 
dieldrin plus CH,CgCl showed less morphologic alteration of the pars recta 
tubules than animals given methyl mercuric chloride; however, increased amounts 
of SER and more degeneration in tubule cells were observed in these animals 
when compared to control animals. The findings are discussed in relation to the 
conversion of CH,HgCl to inorganic mercury ín vivo and the known toxicity of 
inorganic mercury to the pars recta. Decreased tubular alteration in males and 
dieldrin-treated animals may be explained by sexual differences in renal enzyme 
levels or activities and the induction of microsomal enzyme systems by dieldrin 
(Am J Pathol 69:163—-178, 1972). 


CHLORINATED HYDROCARBON PESTICIDES and organomercury 
compounds are examples of environmental contaminants that can be 
concentrated in biologic systems and which are potentially toxic to 
man. Dieldrin is an extensively used chlorinated hydrocarbon pesti- 
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cide. Methyl mercury is the most common organomercurial found in 
the environment. 

Most investigations concerning the effects of chlorinated hydro- 
carbons on mammalian systems have centered on the liver. A variety 
of such agents are known to cause a proliferation of smooth en- 
doplasmic reticulum. (SER) in hepatic cells.^^ Hutterer et al ?^ 
observed an induction by dieldrin of aniline hydroxylase and cyto- 
chrome P450. In addition, these authors noted a decrease in oxidative 
phosphorylation from continued exposure to this agent. 

Although the kidney has not been of primary concern in most in- 
vestigations, several authors have reported high levels of chlorinated 
hydrocarbon pesticides in this organ.^* Boyd et al*®" described con- 
gestion and fatty degeneration of renal tubules in rats fed with these 
pesticides. Treon et al °? reported necrosis of the convoluted tubules 
in a variety of laboratory animals poisoned with endrin, another 
chlorinated hydrocarbon pesticide. 

Studies on the toxicity of organomercury compounds in humans 
have been concerned with damage to the central nervous system. Indi- 
viduals poisoned by the ingestion of fish containing high levels of or- 
ganic mercury showed severe neurologic disorders resulting from de- 
struction of the granule cell layer in the cerebellum./?-5 Several other 
clinical investigations "7 have described a significant increase in 
proteinuria in persons occupationally exposed to organomercury com- 
pounds. 

Long-term experimental laboratory studies '**° have shown that 
both organic and inorganic mercury derived from exogenous organo- 
mercury compounds is concentrated in the kidnevs. Other investiga- 
tors =? have reported that this inorganic mercury is an in vivo meta- 
bolic product. Inorganic mercury is known to be highly toxic to the 
proximal tubules.?*?» 

The present study was undertaken to evaluate the morphologic 
effects of long-term exposure to dieldrin and methyl mercuric chlo- 
ride on the kidney, since this organ accumulates these two environ- 
mental toxicants and their effects on renal ultrastructure have not 
been reported. Because living organisms are simultaneously exposed 
to numerous environmental toxicants, and since one toxicant may 
influence the toxicity of another, the combined effects of dieldrin and 
methyl mercuric chloride were also investigated. 


Materials and Methods 


A total of 84 inbred Oregon State University-Wistar rats (39 males and 45 fe- 
males) were housed in sterile chambers 26 throughout the experiment, Dieldrin, 


Vol. 69, No. 1 EFFECTS OF DIELDRIN AND MERCURY ON RAT KIDNEY 165 
October 1972 


methyl mercuric chloride (CH;HgCl) and the combination of dieldrin plus 
CH,HgCl were added to the daily diet. All experimental and control animals 
received a stock laboratory ration described by Harr et al.** The average food intake 
for both control and experimental male rats was 19 g/rat/ day. Both control and 
experimental female rats consumed an average of 15 g/food/rat/ day." The 
groups of animals were studied for the time periods indicated in Table 1. 

The animals were anesthetized with ether and their right kidneys excised. For 
light microscopy, samples from the kidneys of all animals were fixed overnight at 
room temperature in 102 formalin. These were embedded in paraffin and sectioned 
at 5 u. Sections of tissue from each animal were stained with hematoxylin and 
eosin. In. addition, sections from both mercury-treated female rats and control 
female rats killed at 84 days were stained with the periodic acid-Schiff procedure. 

For electron microscopy, tissue blocks approximately 1 cu mm in volume were 
cut from samples of both inner and outer cortex of all kidneys. These blocks were 
immersed for 3 hours in a fixative containing glutaraldehyde, 2.57, formaldehyde, 
2.0%, CaCl, 250 mg/liter and 0.085 M cacodylate buffer (pH 7.4). 

In addition, in a duplicate series of experiments, the right kidneys of 4 mercury- 
treated female rats and 4 control female rats that had been treated for 84 days with 
methyl mercuric chloride were perfused via cardiac puncture with a Ringers- 
procaine solution ? followed by the above fixative containing sucrose. The kidneys 
were removed and small pieces were subsequently fixed by immersion for 3 hours 
at room temperature. 

All tissues were postfixed in a solution of 1.5% osmium tetroxide in 0.1 M 
Sórensen's phosphate buffer (pH 7.4) for 2 hours at room temperature,?? then 
dehydrated in a 50 to 100% graded series of alcohols, passed into propylene oxide 
and embedded in Araldite according to the method of Luft.?! Thin sections were 
cut on an LKB ultratome and mounted on 300 mesh uncoated copper grids. The 
sections were double stained first with lead citrate ?? and then with 3% uranyl 
acetate and examined with either an RCA EMU 3-G or Philips EM 200 electron 
microscope. 


Results 


The histiologic and ultrastructural morphology of the normal rat 
kidney has been extensively described.???* In this study the segmenta- 
tion of the proximal tubule was determined using the criteria estab- 


Table 1—Dose Level, Numbers, Duration of Exposure and Age at Death of Experimental 
and Control Rats 








No. of Rats 
Regimen M Age at death 
(level in diet) Male Female Days of diet (days) 

Dieldrin (5.0 ppm) 8 8 84 112 
7 6 142 170 

CH;HgCI* (2.0 ppm) 3 6 84 112 
3 4 142 170 

Dieldrin (5.0 ppm) plus 2 2 84 112 
CHHgCI (2.0 ppm) 3 4 142 170 
Control f H 84 112 
6 4 142 170 


* 2 ppm Hg as CH;HeCl 
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lished by Maunsbach.?* The histology and ultrastructure of kidneys 
from control rats in this study did not vary from these descriptions. 
In experimental animals, morphologic alterations were most marked 
in the pars recta segment of the proximal tubule. These changes are 
summarized in Table 2. 


Animals Exposed to 5.0 ppm Dieldrin in the Diet 

Light microscopic histology of tissue from animals of both sexes 
was indistinguishable from controls. 

The ultrastructural changes produced by dieldrin in the pars recta 
of the proximal tubule were similar in both sexes. Increased amounts 
of SER characterized pars recta cells of dieldrin treated animals. Pars 
recta tubule cells from male rats showed a greater relative increase in 
SER aggregates than was observed in females (Figures 1 and 2). 


Animals Exposed to 2.0 ppm CH;HgCl in the Diet 
Morphologic alterations of pars recta tubule cells from female rats 
were different from those observed in males. 


Female rats 

Histologic sections of kidneys from female animals displayed 
dilatation of the pars recta segments as a result of flattening of the 
pars recta epithelium and the presence of many large, hematoxy- 
lin-positive, PAS-negative spherical cytoplasmic masses in tubule lu- 
mens (Figure 3). The masses did not arise from the collapse of tubules 
during fixation, since they were observed in the patent lumens of pars 
recta segments from perfusion-fixed tubules. These cytoplasmic mas- 


Table 2—The Ultrastructural Effects of Dieldrin and CH;HgCl on the Pars Recta in 
Comparison to Control Animals 








Changes in pars recta tubule cells Male Female 
Dieldrin 

Dense membranous cytosomes — — 

Increased SER ^ of. 

SER-containing cytoplasmic masses — — 
CH;HeCl 

Dense membranous cytosomes — +++ 

Increased SER +- ~f- +--+ 

SER-containing cytoplasmic masses = ++ 
Dieldrin plus CH,HgCl 

Dense membranous cytosomes nen 2 

Increased SER + Æ 

SER-containing cytoplasmic masses — d 





+ indicates increase; — indicates no change 
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ses were characterized ultrastructurally by the presence of an SER 
bundle and an occasional microbody (Figure 4). Rough endoplasmic 
reticulum profiles were sometimes observed in these masses, usually 
around the periphery of the SER aggregated. Other organelles were 
rarely observed in these masses. 

Pars recta cells of treated females contained large aggregates of 
SER and dense membranous cytosomes ( Figures 5 and 6). 


Male Rats 

Paraffin-embedded sections of kidnevs from males given 2.0 ppm 
CH,HgCl in the diet could not be distinguished from controls. In 
contrast to females, dilatation of the pars recta segments and the pres- 
ence of cytoplasmic masses were not observed. By electron micro- 
scopy, these pars recta cells displayed more SER per thin section of 
tissue than controls, but less than the females. No dense membranous 
cytosomes were observed (Figure 7). 


Animals Exposed to 5.0 ppm Dieldrin plus 2.0 ppm CH;HgCIl in the Diet 


Morphologic alterations observed in kidneys of animals exposed 


to dieldrin plus CH,HgCl were less extensive than those in animals 
given CH,HgCl alone. 


Female rats 


Light microscopy of kidney sections from female rats showed mod- 
erate dilatation of the pars recta tubules, but fewer cytoplasmic mas- 
ses within tubule lumens than in animals exposed only to CH,HgC! 
(Figure 8; compare with Figure 3). 

Cells of the pars recta, by electron microscopy, showed little if any 
increase in SER and fewer dense membranous cytosomes than fe- 
males given CH,HgCl alone. Their ultrastructure was similar in ap- 
pearance to those of males on this regimen. 


Male rats 

Histologic sections of kidney from male rats fed dieldrin plus mer- 
cury in the diet showed normal morphology. Ultrastructural mor- 
phology of cells of the pars recta showed slightly more SER in com- 
parison to controls but less than males given dieldrin or CH,HgCl 
alone (Figure 9). 


Discussion 
Low doses of dieldrin and CH;HgCl produced different effects in 
kidneys of rats exposed to either substance for long periods of time. 
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The severity of ultrastructural changes in cells of the pars recta was 
more dependent upon the sex of animals than on the duration of ex- 
posure. Administration of both compounds together did not produce 
an additive response but appeared to result in less cellular change 
than when either compound was given alone. 

Increased amounts of SER were noted in animals given dieldrin. 
Several investigators ^? have associated proliferation of SER with in- 
duction of microsomal detoxification enzyme systems. Furthermore, 
biochemical studies ?*?* have shown dieldrin to be a potent inducer 
of microsomal detoxification enzymes. Therefore, the proliferation of 
SER in pars recta tubule cells seen in this experiment probably rep- 
resents a cellular attempt to detoxify dieldrin. 

The more marked effect of dieldrin on the pars recta of female rats 
may be explained by sexual differences in detoxification enzyme activi- 
ties. Numerous investigators ?*25?? have reported that the activity level 
of liver microsomal enzymes is higher in the adult male rat than in the 
adult female. Sexual differences have also been reported °°? for a 
number of renal enzymes. Koerner and Hellman * found that the ac- 
tivity of the microsomal enzyme 110-hydroxysteroid dehydrogenase in 
kidnevs of male Wistar rats was twice that of kidneys from female 
Wistar rats. In the present study, pars recta cells from dieldrin-treated 
male rats showed a greater relative increase in SER than those of 
dieldrin-treated females. This may suggest a greater intrinsic respon- 
siveness by males to dieldrin, via an inducible enzyme system. 

The kidneys of CH;HgCl-treated female rats were more severely 
affected than those of male rats. Organomercury compounds are known 
to be converted to inorganic mercury in the kidney ?-?*^? where they 
are concentrated to high levels.'9795*** Fitzhugh et al** found the 
kidneys of female rats to be more sensitive to low doses of phenyl 
mercury and inorganic mercury. Inorganic mercury (eg, HgCl,) is 
known to damage selectively the pars recta of the proximal tubule. 
Swollen mitochondria and proliferation of SER and cellular necrosis 
characterize acute inorganic mercury poisoning.?*- 

Mercury derived from methyl mercury has been reported to con- 
centrate in the microsomal fraction of rat kidney and liver.'?^* The 
SER is a logical site for the conversion of methyl mercury to inorganic 
mercury because detoxification enzyme activities including oxidative 
demethylation ?'?* are present in microsomes. It is not known whether 
the conversion of methyl mercury to inorganic mercury is an enzymatic 
or nonenzymatic process, but it seems likely that cleavage of the carbon- 
mercury bond by either mechanism could release inorganic mercury 
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which might then react with microsomal enzymes as a noncompetitive 
inhibitor. The mechanism by which the mercurials cause enzyme 
inhibition is through combination of mercury with sulfhydryl (SH) 
groups present at the active sites of many enzymes, including those 
found in microsomes.^* ^ The inhibition of microsomal enzymes in pars 
recta cells could render SER aggregates nonfunctional. This could 
then account for their selective extrusion in cytoplasmic masses ?* 
through a process of potocytosis.???*:9* 

It has been previously suggested °° that the loss of these masses from 
pars recta cells into the urine could produce a proteinuria similar to 
that observed in persons occupationally exposed to organomercur- 
ials.18-17 

The more marked effect of CH,HgCl on the pars recta cells of fe- 
male rats, in comparison to males, is again probably due to sex differ- 
ences in the levels or activities of renal enzymes.** The enzymes, 
alkaline phosphatase, acid phosphatase, B-hydroxybutyrate dehydro- 
genase, glucose-6-phosphatase and nonspecific esterase, all show sex 
differences exclusively in the pars recta segments.*°*? Microsomal en- 
zymes containing SH groups which interact with mercury may be less 
able to met tabolize mercury or excrete it conjugated with cysteine;?? 
allowing it to inhibit mitochondrial and other enzyme systems. 

The dense membranous cytosomes found in pars recta cells of mer- 
cury-treated females may represent a means for sequestering mercury. 
It has been demonstrated by others **** that cytosomes (ly sosomes ) 
from renal tubule cells concentrate cations and drugs in vivo. Mercury 
derived from methyl mercury also accumulates in the lysosomal frac- 
tions of rat kidney and liver. 19,50 Cytosomes in other female rats given 
the same level of methyl mercury in the diet have been shown to con- 
tain acid phosphatase activity, thus identifying them as lysosomes. 
Unstained thin sections of tissue from these animals, fixed in glutaralde- 
hyde but not OsO,, contained dense particulate inclusion bodies in 
pars recta cells.“ These observations suggest that mercury concen- 
trated in kidney lysosomes of these animals. 

The membranous appearance of the cytosomes observed in this 
investigation suggest a lipidice character. A number of investigators °° 
have isolated an acidic lipoprotein component of lysosomes, which is 
thought to be responsible for the binding of cationic compounds. 
Large membranous cytosomes have been observed 5 in proximal con- 
voluted tubule cells of mice given the cationic herbicide paraquat, 
and it was suggested that proliferation of acidic lipoprotein in re- 
sponse to paraquat resulted in their membranous appearance. An 
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analogous situation could exist in the pars recta cells of mercury- 
treated female rats if these cells were unable to detoxify completely or 
excrete the mercury present. The cationic mercury might stimulate 
production of an acidic lipoprotein component of lysosomes, thus 
giving rise to their membranous appearance. 

Animals exposed to both dieldrin and CH,HgCl exhibited similar 
but less extensive cytologic changes than animals given either com- 
pound alone. This protective effect was more easily appreciated in 
female rat kidneys. One possible explanation is that dieldrin may 
stimulate microsomal enzyme systems and increase the metabolic 
activity of SER aggregates also metabolizing CH,HgCl. Chlorinated 
hydrocarbon pesticides are known to stimulate the microsomal me- 
tabolism and decrease tissue storage of numerous compounds.?^ Street 
et al **** have reported that the administration of DDT to animals 
receiving dieldrin reduced tissue storage and enhanced excretion of 
dieldrin. A synergistic effect of one toxicant on the metabolism of 
another is indicated. Dieldrin induction of microsomal enzymes in the 
female rat kidney could enhance the metabolism of CH4;HgCl or in- 
crease the available number of SH groups so that the inhibitory ef- 
fect of mercury would be reduced. 

This study shows that chronic long-term exposure to low doses of 
these environmental toxicants produced definite morphologic altera- 
tions in kidney tubules which are detectable by electron microscopy. 
The extent of these changes in the pars recta cells is largely dependent 
on the sex of the animal and may reflect sex-based enzymic differ- 
ences. The lack of increased pathologic changes in animals given 
dieldrin and/or CHaHgCl for even longer periods suggests that the 
detoxification enzyme systems of the proximal tubule cells reach a 
steady state condition in the presence of low-level doses of these 
chemicals. 

Biochemical studies concerning the effects of dieldrin, CH,HgCl 
and dieldrin plus CH,HgCl on microsomal, mixed-function oxidases 
in renal cortical parenchyma are presently underway. These investi- 
gations should elucidate the manner in which CH,HgCl interacts 
with microsomal enzymes and the extent to which dieldrin influences 
this interaction. 
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Legends for Figures 


Fig l——Pars recta cell from a normal male (control) rat showing the low profile of 
this cell-type, cytosome (arrow), Golgi (G), mitochondria (M), microbodies (mb). 
Similar cells in control females contained slightly more SER (x 15,960). 


Fig 2—Pars recta cell from a male rat fed dieldrin for 142 days showing numerous 
SER aggregates (arrows). Compare presence of SER with Figure 1 (x 15, 960). 








Fig 3—Light micrograph of 
pars recta segment from a fe- 
male rat given CH;HgCl for 
84 days. Note that flattened 
epithelial cells line a dilated 
tubule lumen. Spherical cyto- 
plasmic masses (arrows) are 
present in tubule lumen (x 
610). 


Fig 4—Tissue of the pars recta 
from the kidney of a female 
rat receiving CH;HgCl for 84 
days is shown. A spherical 
cytoplasmic mass (arrow) con- 
taining SER and a microbody 
is present in the patent tubule 
lumen. In the adjacent pars 
recta cell, SER, a dilated Golgi, 
and dilated rough endoplasmic 
reticulum are seen (X 10,875). 


Fig 5—Dense membranous cytosomes (arrows) and somewhat swollen mitochondria in 
pars recta cell of a female rat exposed to CH;HgCl for 84 days (x 13,750). Fig 6— 
Pars recta segment of a female rat given CH;HgCI for 142 days illustrating membranous 
dense cytosomes and myelin-like residual bodies. SER aggregates are prominent (arrows) 
(X 11,310). 
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Fig 7—Pars recta cell from a male animal exposed to CH;HgCl for 142 days showing large 
aggregate of SER but few cytosomes in comparison to females. Compare with Figures 5 
and 6 (X 13,790). Fig 8—Light micrograph of pars recta segments from a female rat 
exposed to dieldrin plus CH;HgCI for 142 days. Note moderate dilatation of tubules but 
absence of spherical cytoplasmic masses free in the lumen (X 610). Fig 9—Pars recta 
cell of a male rat receiving dieldrin plus CH;HgCI for 142 days exhibiting small amounts of 
SER (arrow) (x 15,170). 


Irreversibility of Methylandrostenediol-Induced 
Hypertension in the Rat After Suspension 
of the Androgen Treatment 


Agostino Molteni, MD, PhD, Alexander C. Brownie, PhD, 
Peter A. Nickerson, PhD and Floyd R. Skelton, MD, PhD 


Administration of 10 mg of methylandrostenediol for 10 weeks to uninephrectom- 
ized, salt drinking, female Sprague Dawley rats caused severe hypertension with 
extensive renal and cardiovascular damage. The hypertension was accompanied 
by increased consumption of sodium, high sodium levels in peripheral plasma, 
decreased weight of the pituitary, thymus, adrenals and ovaries and decreased 
content of renal renin. Methylandrostenediol treatment also produced impairment 
of normal adrenal steroidogenesis, reflected in elevated production in vitro of 
1l-deoxycorticosterone during incubation of adrenal gland homogenates with 
'4C-progesterone. Such increased production of deoxycorticosterone is probably 
responsible for the development of the hypertensive disease. If the methyland- 
rostenediol-treated animals were kept alive for 12 additional weeks after suspen- 
sion of the treatment with the androgen, the hypertension, as well as the high 
sodium consumption, high plasma sodium concentrations and low levels of renal 
renin, persisted to the end of the experiment. The cardiovascular and renal lesions 
in these animals, killed 12 weeks after suspension of the androgen administration, 
were similar to those seen in the rats receiving methylandrostenediol but killed at 
the tenth week of the treatment. Suspension of methylandrostenediol administra- 
tion, however, resulted in a return to normal weight of the pituitary, thymus, 
adrenals and ovaries within 12 weeks. Normal amounts of deoxycorticosterone 
were formed ín vitro by the adrenal glands of these rats and the return to normal 
structure was also confirmed by a electron microscopic study. Thus, contrary to a 
previous experiment where methylandrostenediol was given for a shorter period 
of time and the hypertension was reversible, it was shown in this study that 
metacorticoid hypertension is induced by methylandrostenediol administration, as 
it is with treatment with deoxycorticosterone. Since adrenal steroidogenesis re- 
turned to normal, some other mechanisms must be involved in maintaining the 
hypertension. It is very likely that these factors are consequent to the extensive 
and irreversible renal and cardiovascular damage (Am J Pathol 69:179—194, 
1972). 


SEVERAL INVESTIGATORS have shown that hypertension and 
panarteritis induced by deoxycorticosterone acetate in rats and dogs 
subsides after the steroid is discontinued, as long as it was admin- 


From the Departments of Pathology and Biochemistry, State University of New York 
at Buffalo, Buffalo, NY 14214. 

Supported by Research Grant HE 06975 from the National Heart and Lung Insti- 
tute and by Training Grant GM 01500 from the National Institute of General Medical 
Sciences. 

Accepted for publication July 5, 1972. 

Address reprint requests to Dr. A. Molteni, Department of Pathology, State Univer- 
sity of New York at Buffalo, Bell Plant Facilities, 180 Race St, Buffalo, NY 14214. 

We regretfully announce the death of Dr. Floyd R. Skelton, October 22, 1969. 


179 


180 MOLTENI ET AL American Journal 
of Pathology 


istered for a short period of time.'* However, with prolonged treat- 
ment the hypertensive syndrome persists after the administration of 
deoxycorticosterone acetate is stopped.’ 

Skelton ê and, later, Salgado and Selye” showed that severe hyper- 
tensive vascular disease, indistinguishable from that induced by deoxy- 
corticosterone acetate, occurred in rats after the administration of an 
androgenic steroid, 17a-methyl-5-androstene-3f, 17B-diol ( methylandro- 
stenediol). Salgado and Selye * further showed that methylandrostene- 
diol-induced hypertension did not occur in adrenalectomized rats. 
Recent in vitro investigations have demonstrated that the adrenals of 
rats made hypertensive by methylandrostenediol treatment synthesize 
greatly increased amounts of deoxycorticosterone,"" and that high 
levels of this corticosteroid were present in blood from the adrenal vein 
of such animals." These findings have suggested that the hypertensive 
effect of methylandrostenediol is mediated through the hypersecretion 
of deoxycorticosterone, a mechanism which would explain the similari- 
ties between deoxycorticosterone acetate- and methylandrostenediol- 
induced hypertension. 

Administration of methylandrostenediol for a short period of time 
(4 weeks) moderately increased systolic blood pressure but values 
returned to normal within 4 weeks after the androgen was withdrawn." 
The normal structure of the adrenal glands of animals treated with 
methylandrostenediol for 4 weeks was also seen once treatment with 
the androgen was suspended.” 

The present study was performed to ascertain whether the hyper- 
tensive effect of methylandrostenediol was still reversible when 
treatment with the androgen was prolonged beyond 4 weeks and if the 
hypertension persisted once it was discontinued. 


Materials and Methods 

Fortv-two-day old, female Sprague Dawley rats weighing approximately 120 
g were supplied by Charles River Laboratories, Inc, Wilmington, Mass. All rats 
were uninephrectomized, fed a diet containing 0.5% NaCl, given free access to 
a 1€ NaCl drinking solution and maintained in a room kept at 22.5 C with 12- 
hour light and dark cycles. 

The rats were randomly divided into two groups. One group of 40 rats was 
injected subcutaneously each day for 10 weeks with 0.2 ml of com oil containing 
10 mg of methylandrostenediol. About 30% of the rats in this group were 
killed at the end of the treatment. A further 30% were killed 6 weeks after and 
40% 12 weeks after treatment with the androgen was withdrawn. The second 
group consisted of 20 control rats which were injected subcutaneously with 0.2 
ml of com oil each day for 10 weeks. Some rats were killed at this time and 
others 6 and 12 weeks later. 

Systolic blood pressure was measured weekly in the tail of rats, under light 
ether anesthesia, with a Physiograph Four (E & M Instruments, Houston, Texas) 
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according to a procedure already reported in detail.!* Total sodium consumption 
was determined from the combined intake of food and drinking solution. Blood 
was collected, centrifuged immediately and the plasma obtained. Plasma concentra- 
tions of sodium and potassium were determined using a Beckman B Flame Photom- 
eter, as described by Rapp.!^ 

All organs that were to be studied histologically were placed in 10% buffered 
formalin, trimmed after fixation of adherent tissue and weighed. Representative 
blocks were embedded in paraffin, cut at 5 u and stained by the periodic acid- 
Schiff procedure. The kidneys were trimmed of fat, weighed fresh and bisected. 
One-half was used to determine the juxtaglomerular index and the other half to 
measure renin content, according to methods described previously." 

Adrenals from 4 methylandrostenediol- treated and 3 contro] animals were re- 
moved for electron microscopic observation at the 10-, 16- and 22-week time 
periods. The adrenals were trimmed of adherent fat, ana slices 1-mm thick were 
cut and fixed in 3% glutaraldehyde buffered to pH 7.3 with 0.1 M phosphate. 
After an overnight wash in 0.1 M phosphate buffer (pH 7.3), slices of the adreno- 
cortical zones were isolated as described previously,'® postfixed in 1% osmium tetrox- 
ide, dehydrated in ethanol and embedded in Epon 812 and Araldite. One-micron 
thick sections were cut from the tissue blocks to verify the identification of each 
of the three cortical zones. Thick sections were cut on a Porter-Blum Mt-1 
ultramicrotome with glass knives. Sections were double stained in methanolic 
uranyl acetate followed by lead citrate before examination with a Siemens 101 
electron micr oscope. 

In the remaining animals, one of the adrenal glands from each rat was fixed in 
formalin for histologic studies and the other, after being weighed fresh, was 
pooled and used for the study of in vitro sterdid biosynthesis, as described by 
Brownie and Skelton.? 

All numerica! data were analyzed according to Student's t test for small sample 
size; throughout the remainder of this report the differences between means 
having a P value «0.05 are considered significant and P values of «0.01 are 
considered highly significant. 


Results 
Body Weight 


Injections of methylandrostenediol were very well tolerated. One 
control and 3 methylandrostenediol-treated rats died during the first 
4 weeks of the experiment from bronchopneumonia; 7 other methyl- 
androstenediol-treated rats, which were severely hypertensive during 
the previous weeks, died after the eighth week. Data collected on all of 
these rats were discarded. The mean body weight of all rats increased 
regularly until the sixteenth week of the experiment and then remained 
constant (Text-figure 1, top). The mean weight for methylandrostene- 
diol-treated rats was higher than that of controls and remained high 
even after androgen administration was discontinued. 


Systolic Blood Pressure 


In contrast to the stable blood pressure values of controls, methyl- 
androstenediol-treated rats showed a progressive increase in blood 
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BODY WEIGHT 


Text-ric 1—Body weights (top) and 
systolic blood pressures (bottom) of con- 
trol and methylandrostenediol-treated rats. 

‘ 8 10 16 a The arrows indicate when the administra- 
VIGUCRUDOD RERUM tion of methylandrostenediol Was sus- 
(mm Hg) pended. The vertical bars represent one 
standard error of the mean. Controls ( dot- 
ted line); methylandrostenediol-treated rats 
( solid line). 








pressure such that, at the tenth week, mean blood pressure for the group 
was approximately 160 mm Hg ( Text-figure 1, bottom). After androgen 
administration was withdrawn, blood pressure remained in a range of 
150 to 160 mm Hg until the end of the experiment (12 additional 
weeks ). 


Sodium Consumption 


Sodium consumption in methylandrostenediol-treated animals was 
significantly higher than that of controls from the fourth week on- 
ward and remained elevated even after treatment with the androgen 
was withdrawn. ( Text-figure 2, top). 


Plasma, Sodium and Potassium 

Plasma levels of sodium were significantly increased above those of 
untreated controls after 10 weeks of androgen treatment and remained 
elevated in the same animals killed 6 and 12 weeks later ( Text-figure 2, 
bottom). No significant changes were seen in plasma levels of potas- 
sium. 


Renal Renin and Juxtaglomerular Indices 


It is shown in Table 1 that the renal concentration of renin as well as 
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(gm /rat / week) 
10 
ty oe WW GN GN S À 
Text-Fic 2-—Sodium 6; EN N UN FR IN iN ON 
. EAE f ; NS UNI AN OAM LN Z EET. 
intake (top) and plasma NEN IN IN GA N IN 
levels of sodium and po- 2) IN N N N N N RN 
tassium (bottom) of con- N N ER N GX N ES 
AR. E =’ AN E my 
trol and methylandrostene- 2 4 6 8 0 19 2 
diol-treated rats. The 
arrows indicate the time 
at which administration of PLASMA SODIUM PLASMA POTASSIUM 
methylandrostenediol was (mEq/ liter ) (mEq / liter) 
suspended. The vertical 
bars represent one stand- 
155 
ard error of the mean. 
Controls (dotted col- 
umns); methylandrostene- 150 i Rx 
diol-treated rats (hatched m N N 
columns). 145 N N N 
Ne N `N 
iN N MN 
N \ N 
N N S 
140 N S x 
À N S S 
: N ` N 
N N ` N 
} i6 2 10 16 22 week 


the granulation indices of juxtaglomerular cells were greatly depressed 
in methylandrostenediol-treated rats killed after 10 weeks of androgen 
treatment. Animals of the same group killed 6 or 12 weeks later, when 
treatment with methylandrostenediol was suspended, also had a low 
renal renin content and low granularity. 


Organ Weights 


The mean renal weight of untreated control rats was similar at each 
interval (Table 2). Administered for 10 weeks, methylandrostenediol 
produced a definite increase in renal weight which persisted in rats of 
the same group killed 6 or 12 weeks after treatment with the antigen 
was stopped. An identical trend was evident in the weight of the 
heart. Thymic and ovarian weights, although depressed after 10 weeks 
of androgen treatment, recovered somewhat in animals killed 6 or 12 
weeks after methylandrostenediol was withdrawn. Administration of 
the androgen for 10 weeks also produced a significant reduction in the 
weight of the adrenal glands and the pituitarv. Suspension of treat- 
ment, however, allowed a partial recovery of the weight of these organs 
by 12 weeks. No significant changes were recorded in the weights of 
the spleen, liver and thyroid. 


184 MOLTENI ET AL American Journal 
of Pathology 


Table 1—Renal Content of Renin and Granulation Indices of Juxtaglomerular Cells of 
Control and Methylandrostenediol-Treated Rats 


T n a i 


Renal renin (ng 


Weeks on Weeks off angiotensin ll /mg Granulation 

Groups MAD MAD renal cortical tissue) indices 
10-week j 

Control = — 24.0 + 8.0 15 + 3 

MAD 10 0 1.5 + 0.5* 6+ di 
16-week 

Control en — 26.0 + 8.0 18 + 3 

MAD 10 6 2.0 4- 0.3* 4 3. 1l 
22-week 

Control -— — 34.0 -+ 9.0 16 4- 3 

MAD 10 12 6.0 + 2.0* 4 4 1f 


T M M À— — QM MM € noe 


* P « 0.001 
t P « 0.05 
Values given as mean +SE: MAD = methylandrostenediol 


Morphologic Observations 
Kidneys 

The kidneys of methylandrostenediol-treated rats were enlarged, 
pale and soft, with numerous hemorrhagic spots scattered over the 
capsular surface. Microscopic examination revealed that lesions pro- 
duced by the steroid consisted of hyaline degeneration of the small 
arterioles, glomerular enlargement and hyalinization, tubular dilation 
with cloudy swelling of the epithelial cells and hvaline casts in the 
tubular lumen. Cessation of treatment with the androgen did not lead 
to a more normal appearance of the lesioned organs, even in animals 
killed 12 weeks after treatment with methylandrostenediol was dis- 
continued. 


Hearts 

Methylandrostenediol treatment produced cardiac hypertrophy with 
scars visible on the epicardial surface. Microscopic lesions consisted of 
focal areas of myocardial necrosis and hyaline degeneration on the 
intima and media of small arteries often accompanied by adventitial 
infiltration of chronic inflammatory cells and fibroblasts. Such gross 
and microscopic lesions were seen in all animals whether they were 
killed after 10 weeks of methylandrostenediol treatment or 6 or 12 
weeks after the androgen was stopped. 


Adrenals 
The adrenal glands of methylandrostenediol-treated rats after 10 
weeks of treatment were reduced in size, and the color changed from 
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yellow-pink to red. Microscopically, the thickness of the cortex was 
decreased; this reduction was particularly evident in the zona glom- 
erulosa and reticularis. The cells of the zona fasciculata contained 
vacuoles and PAS-positive droplets scattered throughout the cyto- 
plasm. A moderate recovery in size and a definite change in color from 
reddish to yellow-pink was seen in the glands of animals killed 12 
weeks after treatment with methylandrostenediol was stopped. Micro- 
scopic examination of glands of these animals revealed that the struc- 
ture and thickness of all three zones returned to normal. 


Fine Structure of the Adrenal Gland 

Severe morphologic alterations were localized to the zona fasciculata 
and to reticularis cells after 10 weeks of treatment with methylandro- 
stenediol. The mitochondrial cristae were reduced in number (Figure 
1), as compared to those of controls. Many of the cristae were localized 
peripherally and appeared as projections of the inner mitochondrial 
membrane. This was seldom seen in mitochondria of control animals. 
The smooth endoplasmic reticulum was hypertrophic (Figure 1) and 
often arranged in whorl-like configurations. Bundles of microfilaments 
traversed the cytoplasm, seemingly at random. 

Six weeks after methylandrostenediol treatment ceased, alterations 
in the fine structure of adrenocortical cells were no longer present. 
Mitochondria possessed an increased complement of cristae (Figure 
2) and could not be distinguished from those in controls. The cristae 
were tubulovesicular and virtually filled the entire matrix. Smooth 
endoplasmic reticulum was no longer hypertrophic at this time and 
was localized to several cisternae of flattened tubules interspersed and 
often adherent to the cytoplasmic organelles (Figure 2). Microfila- 
ments were not observed in the cytoplasm, although an occasional 
microtubule was seen. The picture at 12 weeks of recovery was vir- 
tually identical to that at the 6-week period. 


Corticosteroidogenesis in Adrenal Homogenates 

That normal adrenal steroidogenesis was impaired was evident in 
methylandrostenediol-treated rats killed after 10 weeks of androgen 
administration. Deoxycorticosterone was formed in elevated amounts 
in homogenates of adrenal glands from these animals incubated with 
progesterone in vitro (Table 3). Withdrawal of methylandrostenediol, 
however, caused normal steroidogenesis to return so that the conver- 
sion of progesterone to corticosterone was high and deoxycorticosterone 
levels in incubations were low. 
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Table 3—Adrenal Steroidogenesis in Control and Methylandrostenediol-treated Rats 


Percent conversion of 
progesterone-4-"C to 





Weeks on Weeks off MM M M 

Groups MAD MAD DOC B 18-OH- Doc 
10-week ° 

Control — c 11 46 36 

MAD 10 — 81 12 4 
16-week 

Control — —— 10 57 22 

MAD 10 6 14 55 24 
22-week 

Control — — 15 62 22 

MAD 10 12 16 59 18 


DOC = ll-deoxycorticosterone; B = corticosterone; 18-OH-DOC = 18-hydroxy-11-de- 
oxycorticosterone 


Discussion 

The hypertensive effect of methylandrostenediol is fully reversible 
after injections of this androgen are discontinued, provided that the 
treatment is of 4 weeks duration." However, the present studies in- 
dicate that when treatment is more prolonged (10 weeks), the hyper- 
tension persists despite the fact that the androgen is discontinued. 
Some of the factors which initiate methylandrostenediol-induced hy- 
pertension and associated lesions have been fairly well characterized. 
Previous studies in methylandrostenediol-treated hypertensive rats 
have shown that steroidogenesis in the adrenal cortex of these animals 
is impaired and that homogenates of these adrenal glands are unable to 
convert progesterone to corticosterone, thereby resulting in the ac- 
cumulation of deoxycorticosterone in the incubation medium.’ Above 
normal levels of deoxycorticosterone have been found in adrenal ve- 
nous blood of methylandrostenediol-treated hypertensive animals.” 
An increased consumption of sodium was also observed in methyl. 
androstenediol-treated animals, both in the present study and in pre- 
vious investigations from our laboratory.'* In the attempt to define the 
pathogenesis of androgen-induced hypertension, it is interesting to 
note that the increased sodium retention and the cardiovascular and 
renal lesions are similar to those produced by injections of deoxy- 
corticosterone.^^* For all of these reasons, it was suggested that 
deoxycorticosterone overproduction and the consequent increase in 
sodium consumption are the factors responsible for the onset of 
androgen-induced hypertensive cardiovascular disease; indeed, ele- 
vated peripheral plasma levels of deoxycorticosterone have been found 
in testosterone-induced hypertension.” 
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Short-term administration of methylandrostenediol, followed by sus- 
pension of treatment, leads to full recovery of normal adrenal structure 
and function.? In addition, sodium consumption, plasma levels of 
sodium and potassium, systolic blood pressure and renal renin content 
return to within normal limits." Renal and cardiac weights of these 
animals also returned to normal after the androgen was withdrawn. 
These results are in agreement with the observation that deoxycorti- 
costerone-induced hypertension is reversible when the steroid is given 
for a short period of time? However, when methylandrostenediol 
treatment as well as deoxycorticosterone treatment are more prolonged, 
the cardiovascular disease and hypertension are irreversible and per- 
sist even after the steroid treatment is withdrawn. Selye and Horava ^" 
coined the term metacorticoid hypertension for the sustained forms of 
hypertension which occur after the hypertensive agent is discontinued, 
and such a term can apparently be extended to the hypertensive dis- 
ease which persists after treatment with methylandrostenediol is dis- 
continued. 

The factors which sustain the elevated blood pressure in methyl- 
androstenediol-induced metacorticoid hypertension are not fully clear. 
It seems unlikely that the disease is sustained by continuous secretion 
of deoxycorticosterone from the adrenal glands. Although steroid bio- 
synthesis was markedly impaired at 10 weeks of methylandrostenediol- 
treatment, the conversion of progesterone to corticosterone was sim- 
ilar to that of controls at 6 and 12 weeks after the injections of androgen 
ceased. Normal corticosteroid biosynthesis is reflected by the recovery 
of adrenal weight, histology and ultrastructure. The recovery of the 
ultrastructure of the adrenal zona fasciculata is supported by the ob- 
servation that mitochondrial cristae of rats previously treated with 
androgen were similar to those of the controls 6 and 12 weeks after the 
treatment ceased. Mitochondrial cristae contain the 11§-hydroxylating 
enzyme," which is involved in the conversion of deoxycorticosterone 
to corticosterone in the rat adrenal? Previous studies from our labor- 
atory have shown that it is this step in steroid biosynthesis that is ab- 
normal and that this adrenal cortical dysfunction is involved in the 
production of several forms of hypertensive vascular disease in the 
rat.) ^1* Mitochondrial cristae are reduced in numbers in these 
forms of hypertensive disease,7?*!5 as they were in the present study 
after 10 weeks of androgen treatment. However, the recovery seen 6 
or 12 weeks after suspension of methylandrostenediol treatment sug- 
gests that the 11()-hydroxylase activity is restored; the results of in vitro 
incubation of adrenal glands support this view. 
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It does not seem likely that metacorticoid hypertension is sustained 
by the secretion of renin from the renal juxtaglomerular apparatus. The 
renin content in methylandrostenediol-treated rats was greatly de- 
creased and did not return to normal values, even 12 weeks after 
methylandrostenediol was withdrawn. It is known that renal renin 

content decreases in rats consuming high amounts of sodium; ? this 
has been observed in deoxycorticosterone-induced hyvpertension,"**" 
as well as in other experimental forms of the same disease.'* 

The role of sodium in the induction of sustaining metacorticoid 
hypertension is also controversial. The androgen-treated rats continued 
to consume more sodium than did the controls, even after the injections 
of methylandrostenediol were discontinued. Was this sodium adequate 
to maintain high blood pressure and to continue damaging the renal 
and cardiovascular apparatus of the rats? It is well known that severe 
hypertension and cardiovascular and renal damage may be induced 
in the rat by adding high amounts of sodium chloride to the diet.?^?" 
However, larger amounts of salt and a more protracted treatment than 
that given in our experiment were required. On the other hand, deoxy- 
corticosterone or methylandrostenediol treatment in the rat may raise 
blood pressure and induce mild vascular lesions even in animals main- 
tained on a sodium restricted diet." Furthermore, sodium restric- 
tion does not reduce the already established postdeoxycorticosterone 
hypertension.? These findings, taken together, suggest that sodium may 
be an important, although not essential cofactor in the development of 
the disease. 

The renal and cardiovascular damage were irreversible even though 
the rats were allowed to recover for 12 weeks after methylandro- 
stenediol was withdrawn. It seems likely, therefore, that the extensive 
damage to these systems sustains the elevated blood pressure, a phe- 
nomenon reminiscent of what is sometimes seen in humans when 
hypertension follows extensive renal damage. 
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Fig 1—Portions of two zona fasciculata cells after 10 weeks of methylandrostenediol injec- 
tions. Some mitochondria (M) show reduced numbers of cristae. The cytoplasm contains 
numerous microfilaments (MF) which traverse the cytoplasm, seemingly at random. Smooth 
endoplasmic reticulum (SER) is hyperplastic in these cells. A portion of a large lipid vacuole 
(L) is seen in the cytoplasm of one of the cells. Numerous lysosomes (LY) are observed in 
another cell (x 23,200). Fig 2—Portions of two zona fasciculata cells from an animal 
treated with methylandrostenediol for 10 weeks and allowed to recover for 6 weeks. Mito- 
chondria cortain numerous tubulo-vesicular cristae which virtually fill the entire mitochon- 
drial matrix. Tubules of smooth endoplasmic reticulum are scattered throughout the cyto- 
plasm and are sometimes closely associated with mitochondria (arrow). Other structures 
include the nucleus (N) and lysosomes (LY) (x 23,200). 
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Immune Reactions in Mucous Membranes 


IV. Histochemistry of Intestinal Mast Cells During 
Helminth Expulsion in the Rat 


H. R. P. Miller, BVMS, PhD and R. Walshaw 
e 


The histochemistry of intestinal (IMC) and connective tissue mast cells ( CIMC) 
in the normal rat is compared. Acid mucopolysaccharide appears to be less strongly 
sulfated and the granule content of monoamines is lower in IMC. After infection 
‘with the intestinal helminth, Nippostrongylus brasiliensis, the mucosal content of 
IMC is altered. During the early phase of immunologic expulsion of this parasite 
(self-cure) the IMC proliferate and differentiate; the histochemical properties of 
the granules appear to reflect this process. Very large numbers of mature IMC 
are found in the mucosa during the later, rapid phase of worm expulsion. Both 
acid mucopolysaccharide and monoamines are depleted from the granules of these 
cells; this is consistent with previous studies suggesting that IMC discharge occurs 
at this stage. These findings lend further support to the hypothesis that the biogenic 
products of IMC discharge are responsible for the increase in mucosal permeability 
which occurs during self-cure and which may facilitate the rapid translocation of 
antiworm antibody into the intestinal lumen (Am J Pathol 69:195-208, 1972). 


[F RATS ARE INFECTED with the intestinal helminth Nippos- 
trongylus brasiliensis, the numbers and distribution of mast cells in 
the intestinal mucosa (IMC) fluctuate.” During immunologic expul- 
sion of the parasite from the intestine (self-cure), a new population 
of IMC differentiates and proliferates in the mucosa, *? and many of 
the cells migrate into the epithelium and discharge to become globule 
leukocytes (GL ).^*" A clear-cut temporal relationship exists between 
the increase in IMC numbers, IMC discharge and worm expulsion.'-?* 

The IMC in the normal rat differs not only morphologically but in its 
fixation and cytochemical properties from the connective tissue mast 
cell (CTMC).*" Moreover, during self-cure, IMC discharge involves 
the lysis of cells without extrusion of their granules? a process which 
may be mediated by reaginic antibody and allergen.'?/? It was of in- 
terest, therefore, to further characterize the histochemical properties 
of IMC and to compare the results with histochemical changes among 
proliferating and discharging IMC at the time of self-cure. Three as- 
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pects were studied: a) the nature and fate of the acid mucopoly- 
saccharide in the IMC granules; b) the presence or absence of basic 
protein in IMC and c) the granule content and fate of the biogenic 
amines, 5-hydroxytryptamine and histamine. 


Materials and Methods ° 


Fifty-five of 70 female hooded Lister rats, weighing 170 to 220 g, were infected 
subcutaneously in the region of the groin with 3000 N brasiliensis larvae; the 
remaining 15 were kept as controls. Groups of 4 to 5 rats were anesthetised on 
days 10, 11, 12, 14, 16, 19 and 35, and several segments of jejunum were taken 
from an area 12 to 15 cm behind the pylorus; the rats were then killed by. 
cervical dislocation. The tongues and an equivalent region of jejunum were taken 
from control rats. In addition, 2 rats from each group, on days 10 to 12, 14 
and 19, one rat on day 35 and 5 controls, were given 3 intraperitoneal injec- 
tions of 40 mg/kg L-Dopa (1-8-3, 4-dihydroxyphenylalanine, Koch-Light Labora- 
tories Limited, England) at hourly intervals and were killed 1 hour after the 
third dose.?.!! 


Fixation and Tissue Preparation 


The intestinal mucosa was orientated as described previously ? and the tissues 
were fixed in either Carnov's fluid or 4€ phosphate-buffered formaldehyde, pre- 
pared from paraformaldehyde, for 24 to 48 hours, then dehydrated and cleared 
in an alcohol-amyl acetate-chloroform series and embedded in paraffin wax. Sec- 
tions were cut at 6 u. 

To demonstrate monoamines,!*:!* small pieces of tissue were quenched in isopen- 
tane cooled in liquid nitrogen, transferred directly to a freeze-drying apparatus 
maintained at —40 C and dried in vacuo with a phosphorus pentoxide water vapor 
trap for 24 hours. Some of the tissue was treated with paraformaldehyde for 1 hour 
at 80 C and was embedded either in degassed molten paraffin wax at 57 to 60 C 
or in an Epon-Araldite mixture, using a Pearse-Edwardes resin-embedding acces- 
sory. The rest of the unfixed tissue was embedded immediately in paraffin wax. 


Staining Procedures 
Demonstration of Acid Mucopolysaccharides 


Toluidine blue was used in a 0.5 aqueous solution at pH 4 (Mcllvaine's citric 
acid-disodium phosphate buffer); staining time was 45 seconds.671 A 0.1% 
aqueous solution of toluidine blue was made by diluting the dye in 0.7 N HCI. 
Sections were stained for 10 minutes after which they were rinsed in 0.7 N HCl 
for 10 minutes.9:7:19 

Astrablue (G. T. Gurr Ltd, London) was used in a 0.5% aqueous solution at 
pH 0.3;5.7.19 staining time was 30 minutes. Sections were also stained with 0.5% 
Alcian blue 8CX (E. Gurr Ltd, London and LC.I. Ltd, Manchester), following the 
same procedure used for Astrablue.!" Some sections stained with either Astra or 
Alcian blue were counterstained with 0.5% Safranin O (Hopkin and Williams 
Ltd) in 0.125 N HCI (approximately pH 1) for 30 seconds.7.!9 

Alcian blue 8CX was also used for the critical electrolyte concentration technic.'® 
Serial deparaffinized sections were immersed in upright Coplin jars filled with 
0.04% dye solution (buffered with calcium acetate at pH 5.8) containing increasing 
concentrations of electrolyte (0.1 M increments of MgCl.). Molarities ranged from 
0.0 to 1.4. After rinsing in distilled water, the sections were dehydrated, cleared 
and mounted. 
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Demonstration of Basic Proteins 


Biebrich scarlet was used as a 0.04% solution in glycine buffer at pH 8, 9 and 10; 
staining time was 30 to 90 minutes. '? Some sections were transferred directly to 95% 
alcohol, dehydrated and cleared; others were rinsed in distilled water prior to 
dehydration. 


@ 
Demonstration of Monoamines 


Catecholamines and 5-hydroxytryptamine fluorescence were detected in both 
paraffin and 1-4 plastic sections of freeze-dried paraformaldehyde-treated tissues. 
Sections of tissues which had not been treated with paraformaldehyde were used 

A5 controls. In addition, l-u plastic sections were examined for fluorescence, and 
the adjacent sections, stained by the method of Richardson et al;!? were examined 
in the light microscope. 

Intracellular histamine was detected by staining sections of freeze-dried tissues 
with o-phthaldialdehyde in ethyl benzene, using the method of Shelly, Ohman and 
Pamnes.!5 Similar results were obtained with tissues fixed briefly in Carnoy's fluid 
and rapidly dehydrated.'® Control sections were treated with ethyl benzene to 
which no o-phthaldialdehyde was added. 

Sections were examined in a Leitz Ortholux fluorescence microscope using a 
mercury vapor lamp (Wotan HBO220W) as a light source and, for catecholamines, 
a BG12 3-mm exciting filter with a Leitz K530 barrier filter. For histamine, UG1 
and BG12 exciting filters and K410 and K530 barrier filters were used. 


Results 
Acid Mucopolysaccharide 
Normal Rats 
The histochemical properties of the acid mucopolysaccharides of 
the IMC and tongue CTMC fixed by different methods are shown in 


Table 1. Formaldehyde-fixed IMC were only demonstrable with the 
critical electrolyte concentration (CEC) technic at molarities between 


Table 1--Histochemistry of the Acid Mucopolysaccharides in IMC and CTMC in Normal 
Rats 





Alcian or Astra Toluidine blue  Toluidine blue 





blue/safranin (pH 0.3) (pH 4) CEC* 
LIGA LLL LLL CIME AME CIME INC ING ME: CIME 
Carnoy B+t+ R+++ B++ P+++ RP+ P++4+ 12 i 
(B+)! 
Formaldehyde —_ R+4+-+ vo P-+--+--+- — P---F4- 0.9 1 
(B+)! 





* Molarity of MgCl, at which Alcian blue staining is extinguished. 

t A few cells stained blue and others had red and blue granules. 

! Still staining in 1.4 M MgCl. 

B = blue; R = red; P = purple. Staining intensity: — = none; + = weak; ++ = moderate; 
+++ = strong 
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0.4 to 0.9 M. Apart from the IMC, no other cell tvpe in the intestinal 
mucosa was stained by any of the technics used. 


Parasitized Rats 


The elimination of the worm burden from female hooded Lister rats 
follows a recognizable pattern.??" Ten to twelve days after infestation, 
there is a period during which the worms are expelled at a slow rate; ? 
IMC differentiation and proliferation take place during this time.^* 
During the second phase, 12 to 16 days after infection, the worms are 


expelled very rapidly,” and at this stage there is evidence of massive’ 


IMC discharge.** 

The results shown in Table 2 summarize the histochemistry of the 
acid mucopolysaccharides in Carnoy-fixed IMC during the different 
phases of worm expulsion. The toluidine blue metachromasia of acid 
mucopolysaccharide in infected rats and its affinity for thiazine and 
copper phthalocyanine dyes at low pH are indistinguishable from those 
of the normal rat. However, application of the CEC technic shows that 
the maturing IMC and GL, 11 days after infection, have a slightly re- 
duced alcianophilia (Table 3). In ‘addition the majority of GL on days 
14 and 16, as well as many IMC, are cut out at low CEC when com- 
pared with IMC in normal rats (Table 3, Figures 1 and 2). 


Basic Protein 
Norma! Rats 

The CTMC did not stain with Biebrich scarlet with either of the 
fixatives employed. When fixed in Carnoy's fluid, the IMC stained 


Table 2—Histochemistry of IMC and GL during the Immunologic Expulsion of 
Nippostrongylus brasiliensis 





infected Rats 





Normal —-—————— MM MÀ M — 
Rats Day 11 Days 14 and 16 Day 19 
IMC IMC GL IMC GL IMC GL 
Toluidine blue 
(pH 0.3) B++- B-+-+ B+-+ B++ B++ B+-+ B++ 
(pH 4.0) RP4- RP4- RP4- RP-4- RP4- RP- RP4- 
Astra or Alcian 
blue/safranin B+++ B+++ B+++ B+t++ Bt++ B+++ B+++ 
Biebrich Scarlet 
(pH 10.0) +--+ + t ++ +(+) +--+ ++ 





B = blue: R = red: P = purple. Staining intensity: + = weak, ++ = moderate; 
+++ = strong 
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Table 3—The Critical Electrolyte Concentrations for the Staining of IMC and GL with 
Alcian Blue 8GX During Expulsion of N brasiliensis 








Normal 
Rat Infected Rats 
e Day 11 Days 14 and 16 Day 19 
Molarity - ng ot a eae “Hee oe es 
of MgCl, IMC IMC GL IMC GL IMC GL 
0.4 dep eae bg "EE TI Tere TE 
0.5 Ter Tuer der TE TET Terr PET 
0.6 Trev a Be N ae ie Tg FPEF TE PEF 
0.7 cep TET Tc dept +++* Ter depen" 
0.8 T9 qot T FFE pLa ad +++" FFT 
0.9 FF TE +7 5 a | TÍ Tc +7 
1.0 ++* dT d +f "er T T1 
I +T +7 gii +1 a a i T zu 
1.2 +t +i +i +4 T +t +t 
1.4 — — — — — — — 





* Staining of a few cells cut out. 
t Staining of many cells cut out. 
Staining intensity: — = none; + = weak; +-+ = moderate; +++ = strong 


strongly and, if the sections were dehydrated without prior rinsing, 
their nuclear morphology distinguished the IMC from other granule- 
containing cells, such as eosinophils and polymorphonuclear leuko- 
cytes, whose granules did not stain. 


Parasitized Rats 

Basic protein was present in the granules of both IMC and GL, al- 
though the staining intensity was reduced in both on days 10 to 12, 
and was slightly reduced in GL on days 14 and 16 (Table 2). A cell 
type resembling the basophil was also present in the mucosa during 
the period 10 to 14 days.? Its granules were slightly smaller and stained 
less strongly than those in the IMC; it was distinguished from the 
IMC by its polymorphous nucleus. 


Monoamines 
_ Normal Rats 


CATECHOLAMINES AND 5 HypnoxvrnvPTAMINE. The IMC in the 
villi and upper crypt regions fluoresced a weak, dull green. Those in 
the basal mucosa had a yellow fluorescence characteristic of 5-hydro- 
oxytryptamine, but were smaller and fluoresced less intensely than 
the CTMC in the tongue. Intestinal mast cells were distinguished 
from enterochromaffin cells by their different morphology, the larger 
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size of their granules and their location in the lamina propria (Fig- 
ure 3). Nonspecific fluorescence was recognized because it did not 
diminish with prolonged exposure to ultraviolet light and was present 
in freeze-dried tissues not pretreated with par aformaldehyde. 

In rats treated with L-Dopa the IMC fluoresced a bright ; green, ex- 
cept the IMC in the basal mucosa, which remained yellow. C: onnective 
tissue mast cells and enterochromaffin cells continued to fluoresce yel- 
low. Intestinal mast cells in 1 to 1.5-4 plastic sections had a bright 
green fluorescence after treatment with L- -Dopa and were identified in 
the adjacent section stained with Azure II—methylene blue (Figures ° 
5 and 6). 


Parasitized Rats 


Days 10 to 12. The IMC and GL contained relatively few granules 
which, in the IMC, had a moderately bright but dirty : vellow fluores- 
cence; small numbers of GL had a similar bright fluorescence ( Figure 
3) and the remainder fluoresced dull green. After treatment with 
L-Dopa, both IMC and GL fluoresced a bright apple green (Figure 3, 
inset). 

Days 14 and 16. IMC and GL were more fully granulated than on 
days 10 to 12, but the intensity of their fluorescence varied. In some 
areas there were IMC which fluoresced a moderately bright dirty 
yellow, but the majoritv either were not fluorescent or were a dull 
green. Globule leukocytes, although as numerous as IMC, mostly did 
not fluoresce and the few that were detected were a faint, dull green. 
Some IMC, including occasional fragmented cells (Figure 4), 
fluoresced bright green in r-Dopa-treated rats; in contrast, very few 
GL were detected and they contained fewer, more weakly fluores- 
cent granules than the IMC (Figure 4). 

Days 19 and 35. As in the normal rat, the IMC in the basal mucosa 
fluoresced yellow and those in the villi were a faint dull green. Globule 
leukocytes exhibited little or no fluorescence. 

In the rats given L-Dopa the IMC of the villi and upper crypt 
region were bright green, well granulated and compact (Figure 5). 
In contrast, many GL failed to fluoresce (compare Figures 5 and 6) , 
and others showed, at best, a weak green fluorescence. 


Histamine 
Normal Rat 


Mast cells in both freeze-dried and Carnoy-fixed tissues were demon- 
strable with o-phthaldialdehyde. The CTMC fluoresced bright vellow, 
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indicating the presence of histamine. Intestinal mast cells also had a 
yellow fluorescence but of lower intensity than the CTMC. 


Parasitized Rats 


Days 10-12. The numbers and morphology of the IMC and GL 
treated with o-phthaldialdehyde were similar to those seen in intestine 
treated with paraformaldehyde. Their granules also fluoresced yellow. 

Days 14 and 16. Although IMC and GL were numerous at this 
time,” only a small proportion of IMC and an occasional GL fluoresced 
*yellow. Fluorescent cells were more fully granulated than on days 10 
to 12. 

Day 19. Yellow, fluorescent, fully granulated IMC were detected 
at all levels in the lamina propria. Their numbers were only slightly 
increased above the normal levels although, at this time, four times as 
many IMC were present in the mucosa.” Fluorescent GL were rare and 
contained fewer granules than IMC. 


Discussion 


Normal Rat 


In the normal rat, the IMC is considered atypical because cells are 
smaller, more irregular in size and contain fewer granules than 
CTMC. The histochemical properties of the granules are different 
from those of the CTMC because, in the mature CTMC, the majority 
of granules stain red in the Alcian blue/safranin sequence," whereas 
IMC granules stain blue. The present results confirmed these ob- 
servations and, in addition, showed that the alcianophilia of IMC 
granules was extinguished at lower CEC than that of the CTMC gran- 
ules. This would suggest that the acid mucopolysaccharides of IMC 
granules is less strongly sulfated than that in the CTMC. 

A further striking difference was that formaldehyde-fixed IMC were 
not demonstrable with thiazine or copper phthalocyanin dyes at low 
pH. It has been suggested that this may be due to dissolution of the 
granules? but, using the CEC method, the IMC stained at molarities 
between 0.4 to 0.9. This would suggest that the polvanions are blocked 
by cationic proteins, a phenomenon known to be reversed by staining 
with Alcian blue in salt solutions.? The fact that neither acid muco- 
polysaccharides nor basic protein * were demonstrable after formalde- 
hyde fixation, whereas both were detected after Carnoy fixation lends 
further support to the possibility that basic protein blocks the baso- 
philia of the acid mucopolysaccharides. 
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The IMC contains relatively small amounts of catecholamines and 
SHT ''7 which, because of the low intensity of the fluorescence in 
the majority of cells, could be dopamine or low concentrations of 
5-hydroxytryptamine.? The IMC in the basal mucosa of the hooded 
Lister rat did have relatively high concentrations of 2- hydroxytryp- 
tamine; these cells, unlike the IMC in the villi, did not appear to take 
up L-Dopa. After treatment with o- phthaldialdehyde, the fluorescent 
intensity of the IMC was always lower than that of the CTMC, 
suggesting that the IMC had a smaller histamine content. 

These results provide a basis for studies of the IMC changes during 
infection with Nippostrongylus brasiliensis. Previous work has shown 
that two phenomena are associated with worm expulsion: a) IMC pro- 
liferation and differentiation, and b) discharge of the granule con- 
tents of IMC at the same time they migrate into the epithelium to 
become GL.?**5 


Parasitized Rats 
Proliferation of IMC 

New IMC arise from blast cells, probably of lymphoid origin, ap- 
proximately 10 days ater infection.* The granules are elaborated from 
the Golgi complex xes, and the cells proliferate and differentiate ** so 
that, by day 14, very large numbers of mature cells are found in the 
mucosa.? On days 10 to 11, the IMC are immature and contain few 
granules; ?* this study shows that these immature cells contain acid 
mucopolvsaccharide, basic protein and monoamines 

There were several histochemical differences between maturing 
IMC in infected rats and mature IMC in normal rats. The acid muco- 
polysaccharide in the maturing cell had reduced alcianophilia and the 
staining intensity of the basic protein was also lower than in the ma- 
ture IMC. This would be consistent with the accumulation and/or 
sulfation of the acid mucopolysaccharide and the addition of basic 
protein to the maturing granules because, on days 10 to 11, there is 
little evidence of granule discharge.* An analogous situation exists in 
the maturing CTMC, although, in this cell, the sulfation of the heparin 
precursors is accompanied by a shift from alcianophilia to an affinity 
for safranin.”! The granules of the maturing IMC also contained 
monoamines and were able to take up L-Dopa. 

Ultrastructurally, the maturation of IMC differs from that of CTMC 
because, in the latter, marked changes in granule structure accom- 
pany the shift in staining properties attr ited to N-sulfation of hep- 
arin precursors.?* No equivalent change in granule morphology is seen 
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in the maturing IMC,* although histochemical comparison with the 
normal mature IMC suggests that the acid mucopolysaccharide of the 
IMC does become more fully sulfated during maturation. There are, 
therefore, clear cut differences, not only with regard to the morphology 
and histochegiistry of IMC and CTMC, but also in the maturation of 
these two cells. This would suggest that the IMC and CTMC are 
different cell-types, rather than the same cell modified by different 
environments. 


"Discharge of IMC 


Mature GL are IMC which have migrated intraepithelially and dis- 
charged their granule contents "7 so the proportion of mature GL pres- 
ent is a useful measure of the extent of IMC discharge.” During the 
rapid phase of worm expulsion 14 and 16 days after infection, 50% of 
the IMC population are GL? and, ultrastructurally, many IMC in the 
lamina propria also appear to be partially discharged at this time." 

Intestinal mast cell discharge could not be demonstrated bv stan- 
dard histochemical technics because the altered granules retained their 
affinity for basic dyes even at very low pH. However, application of 
the CEC method showed that the majority of GL and many IMC had a 
markedly reduced alcianophilia and were cut out at much lower elec- 
trolyte concentrations than in the normal rat. It would seem, therefore, 
that there is a degree of acid mucopolysaccharide depletion from 
these cells; this would account for the reduced basophilia of their 
granules in l-u plastic-embedded sections.” 

Basic proteins were consistently present in both IMC and GL, al- 
though their staining intensity was slightly reduced in GL. Different 
technics would be necessary to determine any changes in the nature or 
amount of the basic protein. In the electron microscope, paracrystal- 
line structures were found in the granules of discharged cells, and these 
were probably remnants of basic protein.' ^ 

Although monoamines were present in maturing IMC and GL be- 
tween days 10 to 12, the mature cells on days 14 and 16 contained little 
or no detectable monoamines. A further striking difference was that 
‘maturing GL and IMC both took up L- Dopa, whereas GL, on day 14 
and subsequently, were unable to do so. Since, ultrastructurally, the 
majority of granules in the maturing IMC and GL were intact, whereas 
those in the mature cells, on days 14 and 16, were disrupted,** it is 
likely that the decreased ability of the latter to store and to take up 
monoamines was due to the loss of integrity of the perigranular mem- 
branes. 
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These results cl early demonstrate that, during the rapid phase of 
worm expulsion, the GL and many IMC are unable to store and have 
also released monoamines. In addition, there appears to be a reduction 
of their content of acid mucopolysaccharide and, possibly, of basic pro- 
tein. This is consistent with kinetic and ultrastructural gtudies which 
point to extensive mast cell discharge during self-cure.? 

It is known that, during this rapid phase of expulsion, mucosal per- 
meability increases *'* and is associated with extensive mucosal dam- 
age." Furthermore, experiments with antagonists ?*?* and depletors ** 
of monoamines suggest that both histamine and 5-hydroxytryptamine" 
are involved in worm expulsion. The present findings thus provide fur- 
ther support for the hvpothesis that biogenic products released from 
the mast cell granules could be partly responsible for increased mucosal 
permeability.*?^5?* This latter event is thought to enhance the passage 
of antiworm antibodies into the intestinal lumen ??'725 and effect the 
rapid expulsion of the parasites. 
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Fig 4—lntestinal mast cells and fragmented 
IMC, fluoresce a bright green in the lamina 
propria of a L-Dopa treated rat 14 days 
after infection. In contrast, GL (arrows) 
-have a weak fluorescence (x 350). Fig 
5—One micron Epon-Araldite section from 
L-Dopa treated rat 19 days after infection. 
The intestinal mast cells are compact and 
have bright green fluorescence. The location 
of GL (arrows) is confirmed in Figure 6 (x 
1300). Fig 6—One-micron section ad- 
jacent to that in Figure 5 and stained with 
Azure 2—Methylene Blue illustrates the dis- 
tribution of intestinal mast cells and GL 
(arrows) present in Figure 5 (x 1300). 


ANIMAL MODEL 





OF Kuru, Creutzfeldt-Jakob Disease 
HUMAN DISEASE (Slow Virus Infections) 
. Animal Model: Transmissible Mink 
Encephalopathy, Scrapie-Like Disease 
of Mink 


Contributed by: R. F. Marsh, DVM, Department of Veterinary Science, University 
of Wisconsin, Madison, Wisc. 


Biologic Features 


Transmissible mink encephalopathy (TME) is a naturally occurring 
disease of commercially raised mink (Mustela vision) which was first 
described in the United States in 1947. The natural disease is char- 
acterized .by an incubation period of 8 to 12 months followed by a 
clinical course of progressive nervous deterioration ending in complete 
debilitation and death. The only detectable lesion in TME has been 
limited to the central nervous system and is microscopic in nature. 
Principal alterations, as seen by the light microscope, have been 
microvacuolation of the gray matter (Figure 1), reactive astrocytosis 
(Figure 2) and neuronal degeneration. These changes have been 
found to precede clinical disease by approximately 6 weeks, and are 
themselves preceded several weeks by ultrastructural changes. Electron 
microscopic studies from the laboratory of Dr. C. M. Zu Rhein, Depart- 
ment of Pathology, University of Wisconsin Medical School have shown 
the evolution of lesions in experimentally induced TME to be similar 
in mink, monkeys and hamsters, Early examination of affected brain 
revealed in the pre- and postsynaptic nerve endings and larger den- 
dritic segments, swelling, dissipation or reduction of normal com- 
ponents, presence of variously shaped vesicles of differing sizes, and 
more frequent tubulovesicular profiles than seen in normal brain. As 
the lesions mature, vacuolated tissues contain distended neuronal 
processes with areas of rarefaction, membrane-bound vacuoles, large 
collections of vesicles and morphologically altered surface membranes. 
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Fig 1—Vacuolar degeneration in the Fig 2—Reactive astrocytosis in the 
cerebral cortex of a rhesus monkey cerebral cortex of a mink with trans- 
with transmissible mink encephalopathy missible mink encephalopathy (Cajal's 
(H&E, X 500). gold sublimate, x 240). 


Most of the large vacuoles have complex confinements and contain 
many curved, curled or circular profiles (Figure 3). 

Studies on the physiochemical properties of the TME agent indicate 
that it is less than 50 nm in diameter, sensitive to ether, relatively 
resistant to 10% formalin and resistant to ultraviolet irradiation. Attempts 
to demonstrate a specific antibody response to the TME agent in in- 
fected mink have been unsuccessful. The disease has been experi- 
mentally transmitted to seven other species including the hamster, goat, 
striped skunk, raccoon, rhesus monkey, squirrel monkey and stump- 
tailed macaque. 


Comparison with Other Transmissible Spongiform Polioencephalopathies 


Transmissible mink encephalopathy is very similar to scrapie disease 
of sheep on the basis of clinicopathologic features and the properties of 
the transmissible agents. Intracerebral inoculation of mink with brain 
or spleen tissue from scrapie-affected Suffolk sheep has been found to 
produce a disease indistinguishable from TME, It may be that TME 
represents a carnivore-passaged strain(s) of scrapie. If this assumption 
is valid, it would appear that mink passage of scrapie has produced a 
modification in the agent(s) effecting host range. Transmissible mink 
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Fig. 3—Electron micrograph of lesion corresponding to a large vacuole in 
the neuropil by light microscopy. Mark = lu (Uranyl acetate and lead 
citrate, x 15,000; courtesy of Dr. G. M. Zu Rhein). 


encephalopathy has not as yet been transmitted directly from mink to 
Swiss white mice; scrapie is usually infectious for mice but appears to 
have a limited pathogenicity for primates. In this aspect, TME would 
seem to be more closely related to the human encephalopathies, kuru 
and Creutzfeldt-Jakob disease, which are also nonpathogenic for Swiss 
mice but are transmissible to subhuman primates. 


Potential usefulness of model 


The study of TME provides an opportunity to examine the patho- 
genesis and mode of action of a highly unorthodox group of neuro- 
pathic agents. The study of this disease may also uncover evidence for 
the etiologic and epidemiologic interrelationships between the animal 
and human spongiform polioencephalopathies. Finally, the mink itself 
may prove to be an extremely valuable animal in studving other 
neurologic diseases of unknown etiology. 
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Availability 


Only a few laboratories are working on TME at the present time. 
Because of the close relationship between TME and scrapie, it is sug- 
gested that individuals requesting the agent first contact the Animal 
Health Division, Agriculture Research Service, Depar tment of Agricul- 
ture. Brain tissue from TME-affected mink is on file at the Armed Forces 
Institute of Pathology ( AFIP Acc. No, 1232805). 
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